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ABSTRACT
Linking Form and Process in Braided Rivers
Using Physical and Numerical Models
by
Alan Kasprak, Doctor of Philosophy
Utah State University, 2015

Major Professor: Dr. Joseph M. Wheaton
Department: Watershed Sciences
Braided channels arise due to high sediment availability in conjunction with regular
competent flows and readily erodible banks. Together, these boundary conditions lead to
the deposition and reworking of a network of transient bars that characterize the braided
planform. However, quantifying the geomorphic response of braided systems to alterations
in these boundary conditions is not straightforward, as channels adjust over a wide range
of timescales, rendering traditional field-based observation intractable. As such, the development of simple yet robust relationships between channel morphology and sediment
transport has the potential to allow predictions of channel response to altered hydrologic or
sediment regimes. In this research, I first use laboratory flume experiments to relate particle
travel distance during floods (termed particle path length) and the spacing of channel bars
in braided rivers (Chapter 2), finding that deposition sites for sediment in transport can
be readily predicted by the characteristic confluence-diffluence spacing in a reach. I then
use the relationship between path length and channel morphology to build a simple, opensource morphodynamic model for braided rivers that computes sediment transport using
path-length distributions derived from bar spacing (Chapter 3). I explore the validity of
this model, specifically noting that its modular framework allows exploration of process representations in morphodynamic modeling in ways existing models do not. Finally, I employ
the model to determine the role of sediment supply in braided channel bar morphodynamics

iv
(Chapter 4). Specifically, I address the relative roles of sediment sourced from upstream
versus sediment sourced from within a braided reach in terms of channel morphodynamics
at decadal timescales. This research demonstrates that simple scaling relationships, while
necessarily imperfect, nevertheless provide insight into morphodynamic processes in braided
rivers, while also allowing predictions of channel response to sediment or hydrologic forcing
at the timescales of channel adjustment.
(172 pages)
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PUBLIC ABSTRACT
Linking Form and Process in Braided Rivers
Using Physical and Numerical Models
Alan Kasprak

Braided rivers are characterized by their dynamic nature, and are often significantly
reshaped during each flood capable of transporting sediment. Over time, they adjust in
response to the frequency and magnitude of floods, along with the amount of sediment
available for bar building. Factors such as climate change, dam construction, or land use
alteration that change the amount of sediment or water available to braided rivers may
subsequently affect channel form. One avenue toward understanding braided channel evolution is to develop simple relationships between channel form and sediment transport, and
extrapolate those relationships over extended timescales. With funding from the National
Science Foundation ($271,000), I first conducted laboratory experiments that linked the
travel distance of sediment during a flood (termed particle path length) and the spacing of
bars in braided rivers. I then developed a simple model that predicts channel response to
floods by transporting sediment according to specified path lengths. Finally, I employed
the model to answer questions regarding the source of sediment used for bar building in
braided rivers.
This research provides an important step in linking channel form and sediment transport in gravel-bed braided rivers, although the relationships developed here certainly deserve
further testing across a variety of rivers and over floods of varying magnitude and duration. The predictive model developed herein provides a novel method for simulating channel
evolution using a simple sediment transport approach. Additionally, the model is built using a modular framework that allows users to easily explore the effect of altering the way
processes are represented, or whether they are included at all, on channel evolution.
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CHAPTER 1
INTRODUCTION
1.1

Motivation and Background
Braided channels result from high sediment availability coupled with regularly-occurring

competent flows and readily erodible banks [Ashmore, 1991; Leopold and Wolman, 1957].
Together, these boundary conditions give rise to a dynamic network of channels splitting
and joining around mid-channel and bank-attached bars [Knighton, 1998 ]. It has been argued that braided rivers represent the ’default’ channel state [Lane, 2006], and laboratory
experiments and the geologic record indicate that single-thread channels are largely the
result of bank cohesion offered by the presence of vegetation [Tal and Paola, 2007].
The reasons channels may take a braided planform as opposed to a single-thread pattern
have been studied by numerous researchers. Sediment supply, bank stability, channel slope,
and the ability to mobilize bed material have all been pinpointed as factors that lead to
the existence of braided channels [Leopold and Wolman, 1957; Gran and Paola, 2001; Tal
and Paola, 2007; Braudrick et al., 2009; Mueller and Pitlick, 2014]. There are numerous
cases in the literature where braided channels transitioned to single-thread systems, or vice
versa, and these are typically attributed to shifts in climate that drive altered sediment or
hydrologic regimes, or alternatively changes in land use or river regulation [Gurnell et al.,
2009].
Predicting the response of channels to altered sediment supply and hydrology is not
straightforward. This is especially true in braided channels, where reach-scale morphology
may be completely reshaped during the course of a single flood, while true planform shifts
may manifest over years to centuries (e.g., dynamism versus persistence; [Czarnomski et al.,
2012; Wheaton et al., 2013]). The timescales of these changes render traditional field-based
observation intractable for quantifying channel evolution (see Chapter 2 and [Kasprak et
al., 2015]).
An alternative to field-based techniques for tracking braided channel evolution is the development of simple relationships that link channel form and sediment transport, which can
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be extrapolated to understand how altered sediment supply or hydrology manifest as morphologic changes over extended spatiotemporal scales. For example, Schmidt and Wilcock
[2008] and Grant [2003] employed simple indices describing alterations in flood regime and
sediment by dams to forecast geomorphic response of downstream channel reaches. In
another example, Pyrce and Ashmore [2003a] used marked tracer particles in a meandering single-thread laboratory channel to document the relationship between particle travel
distance during floods, or path length, and the spacing of downstream point bars. In
braided rivers, Hundey and Ashmore [2009] found consistent geometric relationships between anabranch width and confluence-diffluence spacing, suggesting that particle travel
distances may correspond to the characteristic length scale at which anabranches join and
split (e.g., the location of bars).
Previous research that has formed the foundation for relating channel form and sediment transport processes [e.g., Pyrce and Ashmore 2003a, 2003b; Hundey and Ashmore,
2009; Habersack, 2001; Mueller and Pitlick, 2014] has provided an important first step in
linking form and process in gravel-bed braided rivers. Building on this work, this dissertation exclusively focuses on braided systems where the substrate is predominantly gravelsized sediment. Although sand-bed braided rivers are common (see Bristow and Best,
1993), prior research that has investigated the relationship between channel form and sediment transport processes in gravel-bed braided rivers make these systems an ideal test case
for exploration of form-process linkages in this work.
Throughout this dissertation, I use terms describing sediment in rivers that are deserving of explicit definition. I use the umbrella term ’sediment availability’ to mean the
entirety of sediment that may be entrained in a given reach of river; this term does not
differentiate between ’local’ sources of sediment and ’upstream’ sources of sediment. In the
case of the former, ’local’ sediment supply is that volume of sediment available for entrainment, transport, and deposition that is located within a given river reach (e.g., found within
bars or in the channel bed/subsurface). In contrast ’upstream’ sediment is that volume of
sediment that is imported into a given reach from upstream. Note that these terms are
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time-dependent: ’upstream’ sediment may become ’local’ sediment over a given time period
if it is imported into the reach, deposited there, and subsequently reworked by the channel.

1.2

Dissertation Objectives
The objective of this work is to explore the predictability of sediment transport dis-

tances as a function of bar spacing, and the utility of that relationship as a tool to model
braided river morphodynamics. Each of the three research projects detailed here contains
objectives related to this overall goal. In Chapter 2, I use laboratory flume work to determine whether braided channel morphometry can act as a predictor of sediment travel
distances during floods. In Chapter 3, I seek to understand the utility of that relationship as a foundation for morphodynamic modeling of braided rivers. Finally, in Chapter
4, I leverage this morphodynamic model to explore the effect of several sediment supply
scenarios on braided channel evolution at decadal scales.

1.3

Organization of the Dissertation
In this research, I investigate whether channel morphology and sediment path lengths

are related in braided rivers, and subsequently develop a simple model that transports
sediment according to morphologic unit spacing. Ultimately, I employ the model to answer
basic questions about the importance of sediment source and supply on bar morphodynamics
in braided rivers.
Chapter 2 investigates the relationship between particle path lengths and the location/spacing of channel bars in braided rivers. Previous work in single-thread channels has
indicated particle deposition sites may correspond to the location of bars encountered by
sediment in transit [Pyrce and Ashmore, 2003a, 2003b]. In the summer of 2013, I traveled
to the University of Western Ontario and conducted a series of five experiments using a
laboratory model of a gravel-bed braided river. I examined intra-flood morphodynamics
using high-resolution digital elevation model construction and differencing [Wheaton et al.,
2010], and tracked particle travel distances using fluorescent tracer particles and visual
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tracer recovery. For all experiments, I constructed particle path length distributions and
analyzed the relationship between the location of in-channel morphologic units (e.g., bars)
and particle deposition locations.
Chapter 3 leverages the findings from my laboratory flume experiments to develop a
numerical model that predicts braided river evolution. Previous efforts aimed at morphodynamic modeling of braided rivers have generally taken one of two approaches: employing
reduced complexity physics to capture the relevant spatiotemporal scales of channel evolution, or using faithful representations of the relevant physics to accurately model hydraulics
and sediment transport. In the case of the former, the inability to conserve momentum leads
to large-scale model inaccuracies, particularly with regard to hydraulic modeling [Coulthard
et al., 2007]. With regard to the latter, the computational overhead required to obtain solutions restricts models to very fine spatiotemporal scales (e.g., meter-scale, events to months;
[Brasington and Richards, 2007]). The model I develop in Chapter 3 employs highly simplified sediment transport routines to mobilize volumes of material downstream according to
morphologically-based path-length distributions. I compare the results of morphodynamic
modeling with field-based surveys on two rivers at timescales ranging from single floods to
a decade.
Chapter 4 employs the morphodynamic model developed in Chapter 3 to explore the
influence of sediment source on bar morphodynamics in braided rivers at decadal timescales.
It is widely accepted that high rates of sediment supply are a necessary precondition for
braided planform development and persistence [Ashmore, 1991]. However, it remains unclear whether this sediment must necessarily be supplied from upstream, or alternatively
whether local sources can supply adequate sediment for braided planform maintenance.
Braided rivers are often found in valley bottoms with abundant sediment sourced from
tributary inputs or glacial deposits, for example [Miall, 1977; Bristow and Best, 1993]. As
a result, it is possible that the sediment used to build and maintain bars may be largely
sourced from within braided reaches. To disentangle the relative role of upstream versus
local, within-reach sediment supply on bar morphodynamics, I employ scenario-based mor-
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phodynamic modeling in concert with digital elevation model differencing and mechanistic
segregation of sediment budgets [e.g., Wheaton et al., 2013] at decadal timescales on a
braided gravel-bed river.
Chapter 5 details the general conclusions of this work and provides a synopsis of my
findings. There are instances where this research would benefit from additional exploration
and the development of an event-scale channel evolution framework in braided rivers. As a
result, potential future directions of research are suggested for building on the findings of
this dissertation.
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CHAPTER 2
THE RELATIONSHIP BETWEEN PARTICLE TRAVEL DISTANCE AND
CHANNEL MORPHOLOGY: RESULTS FROM PHYSICAL
MODELS OF BRAIDED RIVERS1
Abstract
Channel form and sediment transport are closely linked in alluvial rivers, and as such
the development of a conceptual framework for the downstream controls on particle mobility and likely deposition sites has immense value in terms of the way we understand and
predictively model rivers. Despite the development of conceptual models which frame floodscale particle transport distance (termed path length) as a function of channel bar locations,
an understanding of the controls on such path lengths in braided rivers remains especially
elusive, in large part due to the difficulty in explicitly linking morphology and particle
transport distances in the field. Here we utilize a series of laboratory flume experiments to
link path length distances with channel morphology. Our morphologic characterization is
based on ultra-high-resolution digital elevation models and bar classifications derived from
structure-from-motion topography, while we simultaneously capture particle path lengths
using fluorescent tracer particles over the course of five physical model simulations. Our
findings underscore the importance of channel bars in acting as deposition sites for particles
in transport; 81% of recovered tracers were found in association with compound, point,
lateral, or diagonal bars. Bar heads (29%) and bar margins (41%) were the most common
bar-related deposition surfaces for recovered tracers. Peaks in particle deposition frequency
corresponding to channel bars were often noted on path-length distributions from tracer
data; most tracers were deposited in areas that had experienced shallow (∆z = 0.002 m)
deposition. Average path length distance (2.5 m) was closely related to average confluencediffluence spacing (2.3 m) across all runs. The transferability of this understanding to
1

This chapter is published in Journal of Geophysical Research: Earth Surface and co-authored with
Peter Ashmore, Sarah Peirce (University of Western Ontario) and James Hensleigh and Joseph Wheaton
(Utah State University).

10
braided streams has important implications for the development of simplified morphodynamic models which seek to predict braided channel evolution across multi-flood timescales.

2.1

Introduction
In alluvial rivers, channel morphology and sediment transport processes are inextri-

cably linked [Church, 2006]. Despite this form-process coupling arising as a result of the
self-formed nature of the channel, studies that have explicitly attempted to document the
downstream mobilization of particles and their deposition in association with geomorphic
units are rare in gravel bed streams [Pyrce and Ashmore, 2003a]. While it has been surmised that particle path length (the distance a particle is transported downstream during
the course of a single flood event; [Pyrce and Ashmore, 2003a, 2003b]) is influenced by
channel morphology such as the location of pools, bars, or eddies, and conversely that path
length must, through some feedback process, determine the initial spacing of channel bars,
few studies have attempted to jointly quantify these path lengths and their association with
channel form [Church, 2006]. Simple correlation efforts between channel physical attributes
and downstream transport distances of particles in natural streams have noted an association between channel width and path length [Beechie, 2001] while hypothesizing that
channel width may appear to drive particle travel distance insofar as it also drives bar spacing [Leopold and Wolman, 1957]. Although particle size may play a role in the downstream
transport distance of particles at the coarser end-member of the bed grain size distribution
(e.g., D > 2 D50 ), it is likely that for intermediate grain sizes on the bed of gravel-bed rivers,
transport distance may well be independent of clast diameter [Church and Hassan, 1992].
Rather, particle transport distance may instead reflect the efficacy of channel morphology
in promoting deposition sites for sediment in transit, as full mobility implies no influence of
particle size on path length, except for local sorting effects at channel bends and bars [e.g.,
Wilcock, 1997].
While studies that have employed tracers to document particle mobility during high
flows are common in gravel bed rivers [see Lamarre, 2005], relating sediment transport to

11
channel morphology at the event scale is difficult because it requires a complete topographic
survey of the channel reach in question both prior to and following a flood. Although
the advent of rapid surveying techniques (e.g., terrestrial laser scanning; [Williams et al.,
2013]) has made this problem more tractable, much of our understanding of morphologic
controls on particle path length has necessarily been the result of laboratory flume studies,
which have revealed an apparent coupling between channel units and particle deposition.
In single-thread channels, particles sourced from areas upstream of bends appear to be
most frequently deposited on downstream point bars [Pyrce and Ashmore, 2003a, 2003b],
with the highest probability of deposition corresponding to the location of the first point
bar encountered and subsequently decreasing at more distal point bars. Independent of
channel morphology, flood magnitude may play a role in determining downstream mobility
of particles during a transport event (here we refer to data describing the path lengths of
multiple particles as a path length distribution, typically presented as a histogram; [Pyrce
and Ashmore, 2003a, 2003b]). At low magnitude/low bed mobility floods, path length
distributions appear to be positively skewed, with many particles exhibiting non-movement
or movement over very short downstream distances. In this case, downstream channel bars
may play a more pronounced role in trapping particles as flow and relative mobility increases
up to the formative discharge of the channel.
We argue that the extension of such rule sets documenting the relationship between
channel morphology and particle path length, which were initially developed in single-thread
channels, may be of particular importance in braided rivers. In these settings, frequent
discharge fluctuations, readily-erodible banks, and a high degree of bedload mobility lead
to extremely dynamic channel planforms with frequent downstream mobilization of bed
sediment (gravel particles) through a continually-shifting network of mid-channel and bankattached bars that may act as deposition sites for particles in transport [Ashmore, 2013].
While this combination of factors makes braided rivers ideal sites in which to observe the
relationships between particle path lengths and channel morphology, comparatively few
studies have done so, either in braided river flumes or natural channels. Existing studies have
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hypothesized the potential importance of a path length/morphologic coupling whereby bar
spacing truncates downstream sediment transport distances, promoting a positive feedback
acting to reinforce the location and persistence of channel bars [Hundey and Ashmore, 2009].
Indeed, the earlier work of Habersack [2001] provided evidence for this hypothesis, employing
radio tracking to document the preferential deposition of several mobilized particles on an
aggrading bar in a New Zealand braided river. Given the high-resolution radio tracking of
particles by Habersack [2001], sample size was limited (n = 16) and the degree to which the
tracked particles were representative of overall reach-scale sediment transport distances is
difficult to discern.
Despite this previous research, a critical knowledge gap remains in our ability to connect channel morphology and path lengths in braided streams [Church, 2006] - largely the
result of insufficient data concurrently linking particle transport and channel morphologic
evolution. This study seeks to close that knowledge gap with a series of physical experiments. Here we use laboratory flume studies of braided rivers, in concert with fluorescent
tracer particles recovered following experimental floods via high-resolution digital photography to document downstream particle mobilization. Along with these data on downstream
particle mobility, we employ structure-from-motion photogrammetric techniques to derive
millimeter-scale topographic datasets describing channel morphology and subsequently delineate geomorphic units where tracer particles are deposited. Finally, by differencing and
mechanistically-segregating these elevation datasets before and following floods, we gain a
greater understanding of the role of sediment budget imbalance and braiding mechanisms
in driving particle deposition in various geomorphic units [Ashmore, 1991; Ashmore, 2013;
Wheaton et al., 2013].

2.2

Methods
The experiments conducted during this study took place at an indoor flume facility at

the University of Western Ontario (UWO). Here we describe (a) the physical characteristics
of the flume and the experimental flows, (b) the generation of digital elevation models
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FLUME RUN SEQUENCE
1. Pre-Flood Photography
2. Turn on Water
3. Place Tracers (Run for 20 mins)
4. Turn off Water
5. Post-Flood Photography
6. Tracer Cleanup
7. Run Flume for ~1 hour
for Morphologic Evolution

Digital SLR Camera Platform
(3 m above flume)

FLOW

Control Targets

Figure 2.1. UWO Flume Overview. Upstream-looking photograph taken at outlet of
UWO flume. Digital SLR camera platform (for capturing georeferenced aerial photographs
of flume bed) denoted above flume. Also note control targets for use in georeferencing
photographs.

(DEMs) from the flume surface, (c) differencing of DEMs and mechanistic segregation of
morphologic change to relate sediment transport and channel form during runs, and (d)
sediment tracer particles used in the experiments, along with their seeding and recovery. In
all, five separate ’floods’ or runs were conducted using this flume, and the workflow for each
run is shown in Figure 2.1. Each step within this workflow is described in greater detail in
the subsections that follow.

2.2.1

Flume

The flume at UWO measures 20 m long by 3 m wide, and is an approximately 1:35
Froude-scaled model of the gravel-bed braided Sunwapta River in Alberta, Canada. The
mechanics behind Froude-scale modeling are well established, and have been discussed in
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previous studies and in work using this same flume [see Peakall et al., 1996; Warburton et
al., 1996; Egozi and Ashmore, 2009; Gardner and Ashmore, 2011]; in brief, Froude-scaled
models preserve non-dimensional bed shear stress (Shields stress) such that near-turbulent
flow, bed roughness, and resultant sediment transport conditions are similar to those found
in natural channels. All flume runs were conducted at a constant bed slope of 1.5%. The bed
of the flume is composed of grains with a D50 of 1.2 mm and a D90 of 3.4 mm, corresponding
to coarse gravel when upscaled by a factor of 35 [Ashmore et al., 2011]. A steady water
discharge of 2 ls−1 was used for all flume runs, which is approximately equivalent to 14 m3
s−1 (using the 1:35 length scaling; the degree to which time exhibits a similar scaling is
unknown). This discharge corresponds to the formative flood of the braided channel which
was evolved from a plane bed for ∼12 hours prior to the beginning of experiments, whereby
an initially straight channel carved into the plane bed grew more and more sinuous until
cutoffs and avulsions became commonplace and a braided channel planform was developed.
Across all runs, the average braidplain width was 1.7 m and the average main channel width
was 0.44 m.

2.2.2

Structure-from-Motion DEMs

The UWO flume is outfitted with a camera platform mounted on rails 2.9 m above the
flume bed, allowing for capture of overhead photographs. For this purpose, we used a Canon
10D digital SLR camera with a zoom lens fixed at a focal length of 20 mm. Photograph
sets were captured over the dry flume bed both before and following each flume run (Figure
2.1). Using a previously-surveyed network of ground control targets for geo-referencing in
conjunction with the software package AgiSoft, we merged sets of overhead photographs to
create a continuous down-flume photograph mosaic. Once stitched and orthorectified, the
photograph mosaics had a pixel resolution of 0.001 m.
Using the structure-from-motion (SfM) component of Agisoft, we created point clouds
and then used the built-in point-to-surface interpolation feature in Agisoft to produce seamless digital elevation models (DEMs) from these point clouds. SfM DEM generation required
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accurate lens calibration to account and correct for inherent radial distortion in the photographs. This calibration was completed using the freely-available Agisoft Lens software.
Over all runs, point clouds contained on average 2.5 x 106 points. We used a DEM resolution of 0.003 m for consistency with the DEMs produced via traditional photogrammetric
techniques during previous work using this flume [Gardner and Ashmore, 2011], and this
resolution is similar to the grain roughness of the bed material.
Gardner and Ashmore [2011] estimated the vertical accuracy of DEMs created from
stereo photogrammetric techniques using this flume at 0.002 m. As an independent assessment of vertical DEM accuracy, we examined coincident points (defined here as individual
points lying within 0.0001 m of one another) within the dense SfM point cloud. Where such
coincident points existed, the difference of the points’ elevation was computed to assess
the relative accuracy of the DEM. Differences of all coincident points resulted in a mean
of 0.001 m ± 0.002 m, indicating our DEMs had internal errors that were consistent with
those DEMs produced by Gardner and Ashmore [2011] via traditional photogrammetric
techniques.

2.2.3

DEM Differencing and Budget Segregation

To quantify geomorphic change during each flume run, we differenced DEMs using the
Geomorphic Change Detection 5.2 software (GCD; http://gcd.joewheaton.org). This
technique has been widely applied in studies investigating changes in channel morphology
and sediment budgeting [Wheaton et al., 2010; Grams et al., 2013], but at its core involves
the subtraction of an original DEM created from data surveyed prior to changes occurring
from a newer DEM which was generated from data collected following geomorphic change.
This differencing creates a DEM-of-Difference, or DoD, that describes elevation changes
which have occurred during the period between topographic surveys, in turn yielding the
change in volumetric sediment storage that occurred during the inter-survey period.
One of the most challenging aspects of analyzing a DoD is the fact that each dataset
used in its generation contains an inherent level of error or uncertainty, which may then
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be propagated into the resulting DoD. The methods behind quantifying and accounting for
these errors have been studied in detail by Wheaton et al. [2010], and the GCD software
employed in our analyses contains routines for their computation. Because DEM errors
are spatially variable and dependent on multiple characteristics of the survey surface [e.g.,
Wheaton et al., 2010], our flume-based DEMs are prime candidates for differencing analysis
using a fuzzy inference system (FIS), which produces estimates of resultant surface uncertainty from multiple datasets describing the factors that may influence that uncertainty.
In short, FIS implementation requires (a) datasets describing each of the surface metrics
contributing to DEM uncertainty, along with (b) a derived relationship between these surface metrics and elevation uncertainty. We produced slope rasters for each survey using
ArcGIS (ESRI, Redlands, CA), and additionally decimated the dense SfM point cloud using the Topographic Point Cloud Analysis Toolkit (ToPCAT; Brasington et al., 2012) and
produced surface roughness rasters for each DEM (Figure 2.2). To assess the effect of slope
and surface roughness on DEM accuracy, we again used the previously-described coincident point analysis, and as we also knew the slope and surface roughness values at these
coincident points, we could thereby assess the influence of each on resultant point-based
DEM accuracy. Both slope (F-statistic = 30,342 at 1,711,534 degrees of freedom) and surface roughness (F-statistic = 1,354,052 at 1,711,534 degrees of freedom) were significantly
correlated with elevation uncertainty.
The range of slope and roughness values across all surveys were divided into three
categories: low (values less than the mean minus two standard deviations), medium (values
falling between the mean ± two standard deviations), and high (values greater than the
mean plus two standard deviations). The groupings of slope and roughness were combined
using the FIS to yield resultant elevation uncertainties (low, moderate, high, extreme); the
combination of slope and roughness and the resultant elevation uncertainties are shown in
the rule sets in Figure 2.2. The power of an FIS lies in its ability to rapidly translate the
effects of several input variables (here surface slope and roughness) into a resultant output
value. In our case there is a large degree of uncertainty regarding the exact effect of each
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A. RAW DEM-of-DIFFERENCE

Elevation Change (m)
E
0.06
0
-0.03
If Slope is... and Roughness is... then Uncertainty is...

B. SLOPE RASTER

B. ROUGHNESS RASTER
C. CELL-BY-CELL UNCERTAINTY
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0.001

D. THRESHOLDED DEM-of-DIFFERENCE

Elevation Change (m)
E
0.02
0
-0.02

Figure 2.2. Geomorphic Change Detection Error Modeling and Thresholding Method.
Top shows raw (non-thresholded) DoD produced by simply subtracting an older DEM from
a newer DEM (A). Using raster datasets describing flume bed slope and roughness (B) as
inputs to a fuzzy inference system, we estimated uncertainty on a pixel-by-pixel basis (C),
thresholding this at a user-defined confidence interval to produce a thresholded DoD (D).

input variable on DEM uncertainty, and this underscores the value of being able to use
adjective-based rulesets to describe these effects (e.g., ’if slope is high and roughness is high
then elevation uncertainty is extreme’). The output of the FIS was an estimate of DEM
vertical uncertainty on a pixel-by-pixel basis, in effect a translation of an adjective-based
fuzzy output (e.g., ’high uncertainty’) to a crisp numerically-based uncertainty (e.g., ’an
uncertainty of 0.02 m’).
This still left the task of differencing the two DEMs and determining the resultant
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(propagated) uncertainty in each pixel of the DoD. To do this, we employed traditional
propagation of error [Lane et al., 2003; Brasington et al., 2003], whereby the resultant
vertical uncertainty in each pixel of the DoD (UDoD ) is computed as square root of the sum
of squares of the individual pixel uncertainties used in the differencing (UDEM 1 , UDEM 2 ),
such that:

UDoD =

q
UDEM 1 2 + U DEM 2 2

(2.1)

Once the propagated uncertainty was known, we employed probabilistic thresholding
to each DoD so as to retain only those changes in our final DoD that could be reliably
distinguished from changes arising due to survey noise in the constituent DEMs. The
probabilistic thresholding method is described further by Brasington et al. [2003], but in
short allows for thresholding of changes in a DoD as a function of a user-specified confidence
in our ability to distinguish them from changes arising from survey errors. By computing
the ratio of change (ZDEM N EW −ZDEM OLD ) to the minimum level of detection (minLoD)
on a pixel-by-pixel basis across a DoD (in effect a t-test; Equation 2), we can estimate a
level of confidence for an elevation change of a particular magnitude.

t=

|ZDEM N EW − ZDEM OLD |
minLoD

(2.2)

Here we used a confidence level of 99%, as we found this high confidence level, while
conservative, most reliably discriminated between areas of true change and areas we knew
showed erroneous changes arising from survey noise (e.g., steeply-sloping walls of the flume)
better than a simple 95% confidence level; Figure 2.2 gives an example of this probabilistic
thresholding as applied to DEMs generated via SfM.
DoDs were used both for the computation of the change in sediment storage during
each flume run, and also for identifying braiding mechanisms and other fluvial processes using budget segregation of volumetric change. Wheaton et al. [2013] detailed how differences
in braiding mechanism (in effect, those processes which act to promote and reinforce the
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braided channel planform) vary widely on annual timescales and may vary in response to the
sediment budget and/or hydrologic regime of a survey reach. Here we sought to understand
the role of individual braiding mechanisms in promoting tracer deposition - insofar as they
may produce channel forms which acted as preferential deposition sites for particles. Ashmore [1991] documented four primary braiding mechanisms (central bar development, chute
cutoff of point bars, lobe dissection, and transverse bar conversion), to which Wheaton et al.
[2013] added an additional seven mechanisms not unique to braided rivers (bar sculpting,
channel incision, bank erosion, overbank sheets, confluence pool scour, lateral bar development, questionable or unresolved changes). The dynamics and distinguishing features
of each of these braiding mechanisms are detailed both by Ashmore [1991] and Wheaton
[2013]. We segregated areas of change in each DoD in terms of the braiding mechanism we
could best infer as being responsible for those changes; we subsequently used the budget
segregation feature in GCD 5.2 [Wheaton et al., 2010] to quantify the contribution of each
braiding mechanism to the total volumetric change occurring in each DoD. Note that this
volumetric contribution metric differs from areal extent of a particular braiding mechanism
because the volumetric contribution of a particular mechanism may be equal to zero even
though certain geomorphic features resulted from that mechanism during a flume run, if the
erosional and depositional signatures of that mechanism were equal (e.g., no net volumetric
change).

2.2.4

Tracers

In each run, we seeded and recovered three colors of fluorescent tracer particles: green,
orange and blue, each with D50 = 2.4 mm. One hundred particles of each color were seeded
during each run. In our fifth and final flume run, we also employed yellow tracers; fifty
of these tracers were used in this run. As seeding prior to beginning water flow would
result in many tracers being washed downstream with the first wave of water passing their
location, we instead initiated water flow and waited until the flow was generally confined
to the channels on the flume bed rather than consisting mainly of sheet wash over the
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braid plain (approximately 5 minutes). At this point, tracers were injected into the flow
at a particular morphologic location. Although this injection technique may have affected
the entrainment of tracers, in this research we were mainly concerned with their ultimate
depositional location, as opposed to studying their mobilization. Tracer seed locations are
discussed within the results for each flume run (Section 2.3), but we generally tried to
vary the locations of tracers as much as possible from run-to-run in order to assess the
effect of seed location on depositional location (and hence the role of channel morphology
on influencing sediment path lengths). To this end, the use of multiple tracer colors in
each run allowed us to examine the effect of particle source location on resultant deposition
location.
Tracers were recovered visually by marking their locations on geo-referenced post-flood
photograph mosaics in ArcGIS (ESRI, Redlands, CA). For consistency of recovery effort,
photographs were examined for two hours; for all mosaics, the rate of tracer recovery had
slowed considerably after two hours of examination. Tracer seed locations were marked
using high resolution overhead videos of flume runs in concert with the ground control
targets located in the flume. In several instances, a large non-movement mode of tracers
resulted in a patch of particles remaining at the seed location, thereby allowing easier
delineation of the injection point. Tracer paths were inferred by constructing polylines in
ArcGIS along channel anabranches from the tracer seed location to its recovery location.
Where tracers were deposited on bars (either mid-channel or bank attached), we devised
a simple bar surface classification scheme and further noted the location of these tracers
on bars. Bars were divided into bar heads (the upstream edge of bars, typically widening
in a downstream direction and found at the diffluence of two anabranches), bar tails (the
downstream edge of bars, typically narrowing in a downstream direction and found at the
confluence of two anabranches), bar tops (the main bar surface between the bar heads and
bar tails), bar margins (the ∼10 cm-wide ’fringes’ of the main bar surface found between the
bar heads and bar tails and distinguished from bar tops by their sloped profile extending
down to the channel bed), and bar chutes which were dissecting the tops of bars. Note that
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Figure 2.3. Bar Surface Delineation. Shown are bar heads, margins, tops, and tails in a
point bar and a mid-channel compound bar. Bar chutes are also delineated dissecting the
surface of the compound bar. Base is a hillshaded 0.003 m-resolution DEM.

here we differentiate between chute cutoff (a braiding mechanism) and bar chutes, which
were small headward-migrating incision features across the tops of bar surfaces. A visual
representation of these surfaces on both mid-channel and lateral bars is shown in Figure
2.3.
Because of the visual methods employed to recover tracers, any non-recovered tracers
could potentially be the result of one or more of the following: (a) failure to locate and
mark all visible tracers on photographs, (b) burial of tracers rendering them invisible on
photographs, and/or (c) export of tracers from the flume. We argue that case (a) likely
contributes little to low recovery rates, as two hours was more than sufficient for the rate
of visual recovery to decrease considerably, and all parts of the photograph mosaics were
searched multiple times throughout the course of the two-hour recovery time. However, cases
(b) and (c) may significantly contribute to low recovery rates. Alternatively, erroneously
high recovery rates may be due to the import of tracers that were exported from the flume
and subsequently recirculated through the flume’s sediment feed. However, we attempted
to minimize this effect as much as possible by removing all visible tracers following each
run with the aid of an ultraviolet lamp (causing the tracers to fluoresce and become readily
visible, even when buried to 1-2 cm). Ultraviolet-based tracer recovery has been used
for quite high recovery rates (95-97%) in previous research [Pyrce and Ashmore, 2003b],
although that study involved a single flume run followed by rigorous scour and deeper
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disturbance of the bed for locating tracer particles, while in this study we traded potentially
lower tracer recovery rates in favor of relative preservation of the channel bed between runs
to allow for a greater number of individual runs.

2.3

Results
For each of five flume runs, tracer recovery rates varied between 22 and 45% of tracer

particles, consistent with many field-based studies which have used visual tracer recovery
[Ashworth and Ferguson, 1989; Schmidt and Ergenzinger, 1992; Hattingh and Illenberger,
1995; Sear, 1996]. For all analyses reported here, we restrict our sampling window to an area
of interest marked by tracer mobility, extending from the tracer seed locations (upstream
boundary) to the most downstream tracer particle that was recovered in each run. The
sediment imbalance of this surveyed area of the flume during the runs was consistently
aggradational (e.g., sediment deposition, on average 11% imbalance). The exception to this
was Run 2, in which the flume lost 3% more sediment than was deposited. The differences
in these sediment budgets depending on the flume run (and hence the region examined)
are not surprising and previous research has underscored the effect of sampling scale on
both sign and magnitude of sediment budgets [see Grams et al., 2013], along with the
rapid spatiotemporal variation of sediment flux in braided rivers [Ashmore et al., 2011].
For particles that moved, the most common depositional sites for tracer particles were
compound bars (68% of recovered tracers), anabranches (12%) and point bars (9%). Across
all five runs, the most volumetrically-significant braiding mechanisms were the development
of central bars (34% of total change on average) and lateral bars (25%), along with bank
erosion (22%). Of the bar surfaces delineated (bar heads, tails, tops, chutes, and margins),
70% of recovered tracers found on bars were either found on the heads of bars or the
margins of bars, with the remaining tracers (30%) being recovered from bar tops and chutes
dissecting bars. 3% of all recovered tracers were found on the tails of bars.
This section details the results of each flume run with respect to (a) sediment budgeting
and morphodynamic change, (b) braiding mechanisms, and (c) the influence of channel form
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on tracer deposition locations. A summary of results from all five runs can be found in Table
2.1.

Run Number
1
2
3
4
5

VDeposition (cm3 )
4725
2484
3247
4652
6746

VErosion (cm3 )
4316
2750
1145
2161
3924

VDif f erence (cm3 )
+409
-266
+2102
+2491
+2822
% Imbalance
+2
-3
+24
+18
+13

Table 2.1. Sediment and Tracer Data for All Flume Runs
Recovery Rate (%)
22
26
36
33
45
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2.3.1

Run 1

This run was slightly net depositional overall, with a net volumetric sediment imbalance
of +2% (Figure 2.4). A combination of several braiding mechanisms contributed nearly
equally to morphologic changes in this run, including bank erosion, central and lateral bar
development, chute cutoff, and channel incision (Figure 2.4). DoDs and mechanisms of
change are shown in Figure 2.4. This first run was highlighted by the erosion of channel
banks and scour of developing anabranches around a relatively un-dissected mid-channel bar
that was a remnant of the original plane-bed morphology of the flume. Tracers were seeded
in two anabranches upstream of a confluence scour pool (Figure 2.4). In general, tracers
were mobilized downstream with few particles remaining at the seed location (Figure 2.4);
tracer recovery rate was 22%. Irrespective of seed location, tracers were generally recovered
1.5 - 3 m downstream, with the majority of tracer particles being deposited on the head and
river-right margin of a compound bar, while fewer tracers were deposited downstream atop
a diagonal bar surface. For this and all subsequent tracer travel distance plots, downstream
transport distances were referenced to the seeding location of the most upstream tracer
color to allow for comparison of recovery locations using common downflume coordinates.
Relatively few particles were deposited along the river-left margin of the first downstream
compound bar surface.

2.3.2

Run 2

Run 2 was the only net erosional run (i.e., net loss of sediment from the reach) in terms
of the sediment budget, with a loss of -3% (Figure 2.5). The most volumetrically-significant
braiding mechanisms were bank erosion (43%) and the development of lateral (29%) and
central bars (14%). Large swaths of eroding banks, deposition of eroded material along
the tops and margins of mid-channel bars, and the large-scale dissection of the mid-channel
island seen in Run 1 by head-cutting chutes were seen in Run 2. Tracer particles in this run
were again seeded in anabranches upstream of a confluence pool. Recovery rate was 26%,
and tracers were predominantly found 0.5 - 3 m downstream, with sub-peaks in depositional
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frequency corresponding to the head of the large mid-channel compound bar immediately
downstream of the seed location, along with tracers that were deposited on both the river
left and river right margins of this compound bar (Figure 2.5). The remaining tracers were
most often recovered from within head-cutting chutes dissecting the top of the compound
bar.

2.3.3

Run 3

Run 3 was net depositional, with a net sediment imbalance of +24% over the area
of interest (Figure 2.6). The development of central bars (50%) along with lateral bar
development (25%) and bank erosion (25%) were the dominant braiding mechanisms (Figure
2.6). Overall, morphologic change in this run was less in total compared to previous runs,
with narrow swaths of eroding banks and dissection of mid-channel compound bars, along
with larger areas where sheets of material (presumably being eroded from proximal banks
and bars) were being deposited on the margins and heads of central bars. Tracers in
this run were seeded on the tail of a compound bar (green and blue tracers), along with
an actively eroding channel bank (orange tracers). Tracer recovery for Run 3 was 36%,
with the majority of tracers being recovered between 2 and 3.5 m downstream at locations
corresponding to the head and margins of the large mid-channel compound bar complex
(Figure 2.6). There was a small non-movement mode of blue tracers (n = 9) that were not
mobilized downstream from the seed location. While a mix of tracer colors were found on
the head of the compound bar, differentiation of deposition locations based on tracer color
was found with regard to those tracers deposited on the margins of the compound bar, with
tracers originally seeded on the river right side of the anabranch leading into the compound
bar (orange) largely remaining on the river right side of the bar, and tracers seeded on the
river left side of the anabranch leading into the compound bar (green/blue) largely being
deposited on the river left margin of the compound bar.
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2.3.4

Run 4

Run 4 was net depositional, with a net sediment imbalance of +18% (Figure 2.7). Central bar development (57%), lateral bar development (14%) and bank erosion (14%) were
the dominant braiding mechanisms. Morphologic change during Run 4 was highlighted by
an elongate, narrow band of bank erosion on the river right margin of the braid plain, along
with trimming of the margins and tail of the large mid-channel compound bar complex.
Deposition of material (presumably sourced from the area of bank erosion immediately upstream) was seen in what was formerly a large chute dissecting this compound bar (Figure
2.7). In this run, tracers were seeded in close proximity in a plane-bed area of the main channel anabranch 2 m upstream of the compound bar. 33% of tracers were recovered, including
a large non-movement mode (n = 27) of orange tracers which remained in their original seed
location. The mobilized tracers were recovered over a relatively large downstream distance,
with a peak in tracer recovery from 2-4 m downstream of the seed location corresponding
to the head of a large compound bar, with some tracers being deposited at sub-diffluences
of smaller anabranches dissecting this compound bar (Figure 2.7). A smaller compound bar
on the river-right side of the braid plain, formed by the dissection of a larger compound
bar into two surfaces by a large anabranch received 20 additional tracers deposited at 4.5
- 5 m downstream of their seed locations, with the majority of these being deposited at
the head of the compound bar (Figure 2.7). Four additional tracers were recovered ∼10 m
downstream from the margins of a compound bar.

2.3.5

Run 5

Run 5 was also net depositional (+13%; Figure 2.8). Dominant braiding mechanisms
in Run 5 included the development of central (36%) and lateral bars (27%), along with bar
sculpting (18%). Geomorphic change during this run was largely the result of the erosion
of banks and bar margins, along with the chute cutoff of point bars contributing material
that was either deposited directly within anabranches or which was agglomerated onto the
margins of developing point bar surfaces. Tracers in Run 5 were seeded in a head-cutting
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chute dissecting a point bar (orange) and on the margin of this point bar (green). We
initially attempted to seed blue tracers on an actively eroding cutbank, but observed that
many of these tracers were immediately washed downstream along the water surface rather
than being transported as bedload, and as such we do not report the results of blue tracer
recovery here as their transport distances may not reflect bedload dynamics accurately.
Rather, we seeded 50 yellow tracers to the same eroding bank with 7 minutes remaining
in the run in an attempt to account for the lack of blue tracers in this run, and report
their recovery here. 45% of the tracers were recovered. With regard to yellow tracers,
a large non-movement mode of particles was observed at the seed location (n = 22). A
smaller group of yellow particles were transported downstream from the seed location and
observed to saltate along the bank, where they were recovered along the river right bank
of the anabranch from 1 - 1.5 m downstream of the seed location. Both orange and green
particles exhibited non-movement modes, with 40 particles total being recovered at their
original seed locations from this group. The remaining particles were transported 2.5 - 4 m
downstream, where they were deposited on the margins of a point bar and a compound bar;
of the 200 orange and green particles, only 3 were recovered from areas between the seed
locations and the dominant point bar/compound bar margin deposition location (Figure
2.8).

2.3.6

Synthesis of Results

Across all five runs, the majority of tracers were recovered in areas of very thin-mantled
deposition (Figure 2.9). When examining mobilized tracer recovery locations for all 351
mobilized and recovered particles overlain on our thresholded DoDs (Section 2.3), only 2%
of tracers were recovered in areas that the DoDs show as being net erosional over the course
of a run. 12% were found in depositional areas, while 86% of all recovered tracers were found
in areas that exhibited neither detectable deposition nor erosion. Although this at first may
seem counterintuitive, examining tracer deposition locations using the raw (un-thresholded)
DoDs reveals that 76% of mobilized tracers were deposited in low-magnitude depositional
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areas - the discrepancy between this and our original estimate of 12% of recovered tracers
in depositional areas is explained by the conservative thresholding process (Equation 2;
p = 0.01) used in our DoD analyses having removed many areas of shallow erosion and
deposition from the final DoD. Indeed, of all recovered tracers, the mean elevation change
from the raw DoDs associated with tracer recovery locations was 0.002 m of deposition
(Figure 2.9). This low-magnitude deposition associated with many recovered tracers would
have been thresholded out of our DoDs via our probabilistic thresholding method (Section
2.2.3).
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Figure 2.4. Flume Run 1 Results: Tracers, Path Lengths, and Geomorphic Change.
Top image shows thresholded DoD, along with seed locations and recovery locations of all
tracers. Middle image shows a zoomed-in section of tracer map; path-length distribution for
all tracers shown at right. Bottom image shows braiding mechanisms along with volumetric
contribution of each mechanism to total geomorphic change.
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Figure 2.5. Flume Run 2 Results: Tracers, Path Lengths, and Geomorphic Change. Refer
to Figure 2.4 caption for details.
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FLUME RUN 3: RESULTS
DEM-OF-DIFFERENCE & TRACERS
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Figure 2.6. Flume Run 3 Results: Tracers, Path Lengths, and Geomorphic Change. Refer
to Figure 2.4 caption for details.
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FLUME RUN 4: RESULTS
DEM-OF-DIFFERENCE & TRACERS
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FLUME RUN 5: RESULTS
DEM-OF-DIFFERENCE & TRACERS
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68%

Compound Bars

12%

3% 3%

9%
Lateral
Bars (1%)

Confluence
Pools (2%)

Point Bars

Cut Banks

29% of
all tracers

41% of
all tracers

18% of
all tracers

9% of
all tracers

BAR SURFACE ASSOCIATIONS

3% of
all tracers

Heads
Margins
Tops
Chutes
Tails
[12% by Area] [14% by Area] [53% by Area] [13% by Area] [7% by Area]

0

5

10

15

20

25

30

Number of Recovered Tracers
0
-0.02

10

20

30

40

50

60

70

-0.015

-0.01

0

0.005

0.01

Raw DoD Elevation Change

-0.005

0.015

n = 351
mean = 0.002 m

ELEVATION CHANGE ASSOCIATIONS

Figure 2.9. Geomorphic Unit Associations of Recovered Tracers. Left-hand chart shows geomorphic units where tracers were
deposited; center chart shows surfaces where tracers deposited on bars were found, normalized by area of surfaces across all runs.
Histogram on right shows elevation changes associated with mobilized tracer recovery locations.

Mid-Channel
Bars (2%)

Anabranches

Lobate Bars (1%) Diagonal Bars

GEOMORPHIC UNIT ASSOCIATIONS

Recovered Tracers / m2

TRACER RECOVERY LOCATIONS

0.02

35

36
2.4

Analysis
This study documents the striking influence of channel bars, both bank-attached and

mid-channel, in acting as deposition sites for particles in transport, and as such the path
lengths of bed particles closely correspond to the locations of these discrete geomorphic
units, suggesting an inherent coupling between sites of erosion and deposition during mobilizing events. Over the course of five flume runs in a continually-evolving braided channel,
we found that compound bars, diagonal bars, and point bars acted as deposition sites for
81% of particles that were entrained. Further, of the particles that were deposited on bars,
70% of these were either recovered on bar heads or bar margins, with only 30% being recovered from the tops, tails, or chutes on bar surfaces. The importance of bar heads as
depositional sites for particles has been noted in previous tracer work conducted in this
same flume [Gitto, 2012]. To account for areal differences between bar surface units, we
normalized tracer deposition by the spatial extent of each surface on any bar that received
tracer particles (Figure 2.9). Despite accounting for only 26% of total bar surface area,
bar heads and margins received notably more tracers (22 tracers/m2 and 27 tracers/m2 ,
respectively) than the other three surfaces. Conversely, bar tops, which comprised 53% of
bar surface area, received just 3 tracers/m2 (Figure 2.9).
In terms of elevation changes associated with tracer deposition, we observed that the
majority of deposition sites (86% of all mobilized tracers) were areas of low-magnitude elevation change that were initially thresholded out from our DoDs as indistinguishable from
survey noise. We did not find a strong influence of particle source location on subsequent
depositional location classification, but did observe instances in which source location appeared to play a role in determining the path that particles took in transit downstream to
their eventual deposition sites, thus influencing the particles’ path lengths.
This research points to the importance of bars in acting as trapping sites for sediment
in transit downstream, with a large majority of recovered mobilized particles (80%) being
deposited on compound, point, and diagonal bars. Additionally, we anecdotally note that
during flume runs, injected tracers were frequently entrained immediately upon introduc-
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tion to the flow and reached bar heads or margins within a minute of seeding, indicating
the persistence of deposition sites throughout the course of an event. These observations
highlight the utility of physical models, as this tight coupling and rapid transfer of particles between erosion and deposition sites is not often known (or knowable) from field-based
studies of rivers at competent flows. The location of downstream deposition surfaces, dominantly bar heads and margins, remained relatively consistent in runs 1-3 (Figures 2.4-2.6),
and as a result, the path-length distributions from these runs closely mirror one another.
However, despite changes in morphologic configuration and bar locations during runs 4 and
5 as compared to earlier runs, peaks in the path-length distributions still corresponded to
the location of bar heads and margins, suggesting that the probability of particle deposition
is not spatially homogeneous, but rather that the location of channel bars (in particular
bar heads and margins) are sites of increased depositional probability for particles in transit. These findings underscore previous research documenting preferential deposition sites
for material in transit: both Braudrick et al. [1997] and Welber et al. [2013] noted that
instream wood exhibited similar depositional patterns in association with bar heads.
Previous work aimed at developing scaling relationships in braided rivers hypothesized
that if bars indeed act as discrete transient storage sites for sediment traveling downstream,
the spacing of bars, quantified by the distance between confluence-diffluence couplets, may
provide a first-order approximation of sediment travel distances [Hundey and Ashmore,
2009]. These confluence-diffluence couplets can be considered the basic unit of braided channels [Ashmore, 2013]. Given our high-resolution topographic data along with corresponding
information on path lengths, we conducted a test of this hypothesis by obtaining the average spacing between corresponding confluence-diffluence couplets in main anabranches
along the tracer flowpaths. Although the number of runs is small (n = 5), the relationship
between bar spacing and path length is marginally significant (p = 0.06), and over all runs
the mean path length of 2.5 m, as defined by the transport distance of all mobilized tracers,
is indeed closely approximated by the mean confluence-diffluence spacing of 2.3 m (Table
2.2), providing an initial confirmation of the hypotheses of Hundey and Ashmore [2009].
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The fact that the path length is, on average, longer than confluence-diffluence spacing may
point to the importance of bar margins in acting as deposition sites, with particles frequently moving past diffluences (e.g., bar heads) and being emplaced further downstream
along bar margins. When normalized by the average main channel width across all runs
(0.44 m), a confluence or diffluence occurs on average once every 5.2 channel widths, consistent with the pool spacing (5-7 channel widths) that forms the fundamental geomorphic
unit in many single-thread channels [Leopold and Wolman, 1957]. Because our flume runs
sought to investigate the consistency of path length - morphologic unit relationships, we
used a constant discharge and channel slope for all runs. As such, there was relatively
little variability in the confluence-diffluence spacing. Since relatively few prior studies have
documented this relationship across a range of river scales [Hundey and Ashmore, 2009], the
relationship between unit spacing and particle path lengths is deserving of further research.
In our flume studies, Runs 1, 2, and 3 generated path-length distributions that contained downstream peaks corresponding to the location of compound bar heads and margins,
while containing small or nonexistent non-movement modes and short-distance transport
modes. These path-length distributions could be described using single-peaked Cauchy
functions as in Pyrce and Ashmore [2003a]. Conversely, Runs 4 and 5 contained large
peaks in the path-length distributions corresponding to an immobile fraction of material,
while also containing downstream peaks that could be related to compound and point
bars. These path-length distributions could be approximated using bi-modal functions that
combine aspects of gamma and Cauchy distributions [Pyrce and Ashmore, 2003a]. These
fitted functions are shown in Figures 2.4-2.8 and assessed using the test statistic (D) via
Komolgrov-Smirnov goodness-of-fit tests. In runs 2 and 4, smaller downstream peaks are
visible in path length distributions that may correspond to subsequent particle deposition
on downstream bars [Pyrce and Ashmore, 2003a].
The delineation of bar surfaces (heads, margins, tops, tails, chutes) revealed the importance of bar heads and margins in acting as deposition sites for tracer particles. 70%
of all particles that were mobilized and recovered were found on either the heads of bars
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Table 2.2. Relationship Between Confluence-Diffluence Spacing and Path Lengths
Run Number

Avg. Con.-Diff. Spacing (m)

1

2.4

Avg. Path Length (m)
Blue: 1.7
Green: 2.0
Orange: 2.5
All Tracers: 2.2

2.4

Blue: 2.2
Green: 2.2
Orange: 2.2
All Tracers: 2.2

2.2

Blue: 2.3
Green: 3.1
Orange: 2.9
All Tracers: 2.8

2.6

Blue: 4.9
Green: 5.0
Orange: 2.4
All Tracers: 3.3

5

2.0

Green: 2.7
Orange: 2.5
Yellow: 1.0
All Tracers: 2.2

Average of All

2.3

2.5

2

3

4

(29%) or the margins of bars (41%). An additional 18% and 9% of particles were recovered
from tops and chutes of bars respectively, whereas just 3% of particles were recovered from
bar tails. It is likely that these results are at least in part a reflection of the relatively
low-magnitude flows that were used in our flume runs. The flows of 2 ls−1 corresponded to
the formative discharge of this braided channel planform, but did not completely inundate
the braidplain over the duration of the run. Care was taken at the start of each run to delay
the introduction of tracers until the flow was generally confined to pre-existing channels,
rather than moving through the system primarily as sheet wash over the braidplain. The
confinement of flow to the channels likely contributed to preferential deposition of particles
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on bar heads or margins, which were either inundated or proximal to flow, while also resulting in less common deposition of particles on bar tops or chutes via transport of tracer
particles onto and over bar surfaces. The lack of particle deposition on bar tails is also
of interest, especially when compared to the frequency with which tracers were recovered
from bar margins and bar heads. This likely indicates that the rapid decrease in transport
competence via either a reduction in flow depth (in the case of bar heads) or flow velocity
(in the case of inner-bend bar margins) exerts a pervasive influence on particle transport
such that few particles are able to bypass these likely deposition sites and be mobilized
downstream to bar tails. Finally, the tracer size in these runs (tracer D50 = 2.4 mm as
compared to bed D50 = 1.2 mm) may have prevented these coarser particles from being
transported to and deposited on bar tails.
We did not observe any influence of tracer seed location (i.e. geomorphic unit) on the
units in which tracers were deposited. In Runs 1, 2, and 3 the path-length distributions of
individual tracer colors largely mirrors the overall path-length distribution for all recovered
tracers. Rather, any differentiation in deposition locations of tracers appeared to be the
result of hydraulic influences that affected which anabranches tracer particles were mobilized through. This effect is visible in runs 3, 4, and 5, where tracers were recovered in
groups often differentiated by the color of the tracer. In runs 3 and 5 the paths taken by
orange/green tracers are markedly different from those taken by blue tracers (and yellow
tracers, in the case of run 5). Visual analysis of tracer paths from videography captured
during the runs, but not presented here, confirmed the differentiation of paths taken by
tracers as a result of their initial seed location. Nevertheless, no matter the seed location of
the tracers, the geomorphic units acting as particle deposition locations did not vary - for
all tracers, compound, point, and diagonal bars were the dominant deposition site, whereas
erosional/transfer units such as anabranches and confluence pools received comparatively
few tracer particles. Additionally, the relative mobility of the particular patch at which
tracers were seeded did not appear to play a role in driving variations in particle mobility;
large numbers of immobile patches of tracers were seen in runs 4 and 5, for example. How-
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ever, once these tracers became entrained in the flow and deposited downstream, they were
found on bar surfaces alongside counterparts sourced from highly mobile seed locations.

2.5

Discussion
This research could influence the way we collect data on braided rivers and improve

our fundamental understanding and conceptualization of sediment transport processes occurring therein. This study is one of the first documented uses of SfM to generate elevation
models and detect geomorphic change in a physical model setting. The use of SfM has
dramatically increased in recent years as a low-cost and rapid method for surveying topography and monitoring geomorphic change in the subaerial portions of the fluvial corridor
[Westoby et al., 2012; Fonstad et al., 2013]. More recently, Javernick et al. [2014] have explored leveraging orthorectified imagery created via SfM in combination with spectral-depth
correlations to extract bathymetry and obtain a complete DEM of the fluvial environment.
While the images in this study were captured in a controlled setting where water could be
drained prior to photography, the rapidity and ease of generating DEMs with very high
spatial resolution (0.003 m) and the reliability with which we were able to detect morphologic changes (at ∆z levels corresponding to tracer D50 ) point to the potential utility of this
technique in other fluvial physical experiments.
Additionally, this study provides a valuable dataset describing particle path lengths,
an area in which others have noted a lack of reliable data at the flood event scale [Pyrce and
Ashmore, 2003a]. Although our understanding of the processes driving the development of
anabranches and bars in braided rivers has existed for some time [e.g., Leopold and Wolman,
1957; Ashmore, 1991], our conceptual understanding of the grain-scale nature of transport
processes and their relationship and associated feedbacks with channel morphology remain
underdeveloped in these systems. Previous research documenting morphologic controls
on particle travel distances [Pyrce and Ashmore 2003a, 2003b] has hypothesized that the
bar spacing in braided channels (specifically the distance between confluence/diffluence
couplets) may be a predictor of sediment path lengths. If bars act as discrete transient
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storage sites for particles undergoing episodic downstream transport, the mean distance
between those bars should be closely related to the average path length of sediment. This
research provides an important first step in confirming those initial hypotheses, finding
that characteristic confluence/diffluence spacing closely approximates average particle path
length for all flume runs (Table 2.2).
Although this research did not directly explore the effect of flood magnitude or duration
on particle path length, the simulated flows potentially offer insight with regard to the
persistence of deposition sites (and hence consistency of particle path lengths) throughout
an event of intermediate magnitude. During each flume run, we noted that tracer particles
mobilized downstream from seed locations were quickly (generally within ∼1 minute of
seeding) deposited on bar heads and margins and remained there throughout the course of
the run. As such, we hypothesize that particle path length distributions may be independent
of high flow magnitude or duration, insofar as that high flow does not result in large-scale
reworking of bar surfaces where particles are stored; thus, for particularly high-magnitude
or long-duration events that rework bars, path length distributions may be significantly
altered through the course of the flood. Additionally, characteristic path lengths may
be altered with varying discharge even in the absence of morphodynamic evolution, as
new networks of anabranches with variable confluence-diffluence spacing are activated at
increasing stage. Conceptual models detailing the effect of increasing flood magnitude on
resultant path length distributions have been put forward by previous researchers [Pyrce and
Ashmore, 2003a], and given the relative stability of these distributions in our short-duration,
intermediate-magnitude experiments, we believe this question of path length stability is
deserving of further study, potentially via high-speed videography and particle tracking.
The relationship between channel morphology and particle path lengths found in this
research may help to inform the underlying conceptual framework with regard to numerical
modeling of braided systems. While it is true that morphodynamic models exist that can
predict the evolution of braided streams and even the transport of individual particles, these
frequently require large computational overhead for computation of the associated fluid dy-
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namics [Nicholas, 2013], or drastically simplify this at the expense of realism with respect to
topographic reconstruction [Murray and Paola, 1994; Thomas and Nicholas, 2002; Nicholas,
2005]. We believe that the conceptual understanding of likely depositional sites for tracers,
along with the relatively small influence of seed location on recovery location developed in
this study points to a fundamental form-process linkage in braided rivers and paves the way
for computationally-efficient morphodynamic models which drive sediment transport and
channel evolution as a function of particle path lengths. Using an a priori understanding
of channel geomorphic units (e.g., types of bars, banks, and anabranches) encountered by
entrained sediment in transport, probabilistic path length distributions may be derived that
apply the findings of this work, thereby increasing deposition probability in certain locations (bar heads and margins, for example) while predicting a lower deposition probability
in other units (e.g., anabranches, confluence pools, bar tops/tails). The development of such
models will undoubtedly require the collection of more event-scale datasets such as the one
described here by which we can more fully develop a conceptual framework for downstream
sediment transport in braided channels.
Perhaps the chief limitation of our study is the methodological inability to recover
(a) deeply buried or (b) exported particles and include their transport distances in our
path-length calculations. Nevertheless, the agreement between our research and previous
work that sought to recover buried particles [e.g., Pyrce and Ashmore 2003a, 2003b] may
indicate that tracers recovered from the channel bed are quite representative of their more
deeply-buried counterparts. It is also possible that tracers remaining from previous tests
could have been exhumed and recovered in subsequent runs, but we attempted to minimize
this effect by thoroughly searching the flume bed between runs with the aid of an ultraviolet
lamp. Nevertheless, these difficulties often arise in visually-based tracer recovery studies in
field settings as well, and our recovery rates are similar to those computed in field studies
[Ashworth and Ferguson, 1989; Schmidt and Ergenzinger, 1992; Hattingh and Illenberger,
1995; Sear, 1996]. As such, future work that employs alternative techniques for tracer recovery (e.g., magnetic particles, radio-tagging; [Schmidt and Ergenzinger, 1992; Habersack,
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2001; Bradley and Tucker, 2013]) may increase tracer recovery rates and help to account for
particle burial or export and thus modify our understanding of path-length channel form
relationships.

2.6

Conclusions
This study employed high-resolution digital elevation models derived from structure-

from-motion photogrammetry, novel techniques for geomorphic change detection and mechanistic budget segregation, and visually-tagged sediment tracers to document the coupling
between particle path lengths and channel morphology in a physical model of a braided
river. In so doing, we sought to conduct one of the first studies that explicitly quantifies
both morphodynamic channel change and particle transport and draw linkages between
them during competent flows.
The results of this study point to the influence of bars in acting as deposition sites
for particles in transport, with over 80% of tracers that were recovered being found in association with compound, lateral, diagonal, and point bars. Of these tracers, 70% were
recovered from bar heads and bar margins, with the remainder being recovered from bar
tops and chutes; just 3% of recovered tracers were found on bar tails. Neither seed location
nor relative mobility of a seed patch appeared to play a large role in determining the downstream deposition sites of tracers. Once particles were in transport, they were often found
intermingled in similar geomorphic units with particles sourced from other tracer patches.
Instead, seed location appeared to play a role in influencing the anabranches through which
particles were transported on their way downstream, thereby indirectly influencing deposition sites, although geomorphic units remained similar despite differences in the area in
which particles were deposited. Most recovered particles were deposited in areas of thin
deposition (mean ∆z = 0.002 m, n = 351) that were initially thresholded out of DoDs as
being indistinguishable from survey noise.
The results of this study point to the value in using novel techniques for generation of
digital elevation models, particularly the structure-from-motion approach employed here.
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Additionally, this research furthers our conceptual understanding of form-process linkages
between channel morphology and particle path lengths in braided streams, which has the
potential to improve the efficiency of morphodynamic models for braided rivers through the
use of simplified relationships between channel morphology and sediment travel distances.
Finally, despite our inability to recover tracers which were deeply buried or exported (as a
result of our post-facto visual tracer recovery from photographs), we argue that the signal in
our data trumps the potential noise and suggests a clear morphologic influence on particle
path lengths that is deserving of further exploration, particularly using tracer recovery
techniques that have the potential to recover buried particles.
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CHAPTER 3
COMING TO GRIPS WITH MODEL IMPERFECTION: MORPHODYNAMIC
MODELS AS EXPLORATORY TOOLS FOR UNDERSTANDING
BRAIDED RIVER DYNAMICS1
Abstract
Numerical models that predict channel evolution through time are an essential tool
for investigating processes that occur over timescales which render field observation intractable. However, available morphodynamic models generally take one of two approaches
to the complex problem of computing morphodynamics, resulting in drastic oversimplification of the relevant physics (e.g. cellular models) or faithful, yet computationally intensive,
representations of the hydraulic and sediment transport processes at play. The practical
implication of these approaches is that river scientists must often choose between unrealistic
results, in the case of the former, or computational demands that render modeling realistic
spatiotemporal scales of channel evolution impossible, in the case of the latter. Here we
present a new modeling framework that operates at the timescale of individual competent
flows (e.g. floods), and uses a highly-simplified sediment transport routine that moves volumes of material according to morphologically-derived characteristic transport distances,
or path lengths. Using this framework, we have constructed an open-source morphodynamic model, termed MoRPHED, which is here applied, and its validity investigated, at
timescales ranging from a single event to a decade on two braided rivers in the UK and New
Zealand. We do not purport that MoRPHED is the best, nor a perfect, tool for modeling
braided river dynamics at this range of timescales. Rather, our goal in this research is to
explore the utility, feasibility, and sensitivity of an event-scale, path-length-based modeling
framework for predicting braided river dynamics. To that end, we further explore (a) which
processes are naturally emergent and which must be explicitly parameterized in the model,
(b) the sensitivity of the model to the choice of particle travel distance, and (c) whether an
1

This chapter is in preparation for submission to Earth Surface Processes and Landforms and is coauthored with Konrad Hafen and Joseph Wheaton (Utah State University) and James Brasington (Queen
Mary, University of London).
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event-scale model timestep is adequate for producing braided channel dynamics. The results of this research may inform techniques for future morphodynamic modeling that seeks
to maximize computational resources while modeling fluvial dynamics at the timescales of
channel change.

3.1

Introduction
Numerous processes in riverine environments occur over time and space scales that

render traditional field-based observation impractical or impossible (Gurnell et al., 2009).
These fluvial dynamics include channel migration (Hooke, 1995; Black et al., 2010), shifts in
channel form (Kondolf et al., 2002), and alterations in hydrology and/or sediment delivery
(Grams and Schmidt, 2005). All of these dynamics frequently occur on timescales ranging
from years to centuries, and channel response to hydrologic and sediment regime shifts may
manifest across a variety of spatial scales ranging from individual channel units (e.g. meters)
to reaches spanning several kilometers. In such instances where the spatiotemporal scale of
channel response renders field-based methods of observation intractable, representation of
the fluvial environment using numerical models is invaluable both in terms of disentangling
the relative efficacy of competing processes acting to shape channels and predicting future
channel response to geomorphic forcings (Nicholas and Quine, 2007; Gurnell et al., 2009).
Despite the immense value of numerical models in explanation and prediction of fluvial
processes, the timescales at which channel evolution occurs render most available morphodynamic models (those which predict changes in channel form over time) impractical.
Historically, one way of dealing with this problem has been to simplify the physics involved
in modeling, giving rise to the so-called ’reduced complexity’ or ’cellular automata’ models
(RC/CA; Murray and Paola, 1994; Coulthard et al., 2002; Thomas and Nicholas, 2002).
These models simplify the transport of water and sediment across a cellular network representing the riverscape using a rule set governing each process involved. Because these
rule sets are simplified representations of the physics involved in hydraulics and sediment
transport, RC models achieve a great deal of computational efficiency, allowing calculations
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over large spatiotemporal extents (e.g. kilometer-scale, decadal-to-centennial timescales;
Nicholas and Quine, 2007; Thomas et al., 2007). Yet this computational efficiency comes at
the expense of field realism; because of the simplified nature of the physical processes, particularly the inability to conserve hydraulic momentum leading to inaccurate representation
of pool dynamics and meander migration (Nicholas and Quine, 2007), reduced complexity
models often fail to reproduce observed channel behavior at the spatial scales of change.
On the other hand, the subset of morphodynamic models driven by computational fluid
dynamics (CFD; Bates et al., 2005) involve hydrodynamic components that approximate
the solution of the Navier-Stokes Equations and subsequently drive sediment transport. To
ensure computational stability, morphodynamics are typically computed by solving a form
of the equation of sediment continuity (Exner Equation; Paola and Voller, 2005) at fine
time steps (seconds-minutes) using solutions from the equations of motion, or Navier-Stokes
equations presented below in three dimensions (Equations 3.1-3.3), which relate changes in
momentum (left-hand terms) in time and space to the cumulative surface and body forces
acting on the fluid (right-hand terms).

[

∂P
∂(ρUx )
∂(ρUx )
+ ΣUj
] = ρFvolx −
+ Fviscx
∂t
∂xj
∂x

(3.1)

[

∂(ρUy )
∂(ρUy )
∂P
+ ΣUj
] = ρFvoly −
+ Fviscy
∂t
∂xj
∂y

(3.2)

[

∂(ρUz )
∂P
∂(ρUz )
+ ΣUj
] = ρFvolz −
+ Fviscz
∂t
∂xj
∂z

(3.3)

In the generalized form of the Exner Equation below (Equation 3.4), bed elevation (z )
through time (t) is a function of the sediment supplied from upstream (Vs ), the divergence
of the sediment flux through the reach boundaries (Qs ), and the porosity of the deposited
sediment (γp ). This reliance on rapid calculation of morphodynamic evolution comes at
the cost of vastly increased computational overhead, making CFD-driven morphodynamic
models suitable only over fine spatiotemporal scales for most users (e.g. hours-months at
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meter-scale resolution; Coulthard and Van De Wiel, 2012; Ferguson, 2007).
∂Vs
∂z
1
(
=
+ 5 · Qs )
∂t
1 − γp ∂t

(3.4)

As a result of the shortcomings inherent to both RC and CFD models, there exists a knowledge gap whereby there are a lack of morphodynamic models optimized for use at ’intermediate’ spatiotemporal scales. Practically speaking, these scales translate to meter-scale
resolution over kilometer-scale reaches (i.e. resolving the ’mesoscale’; Crowder and Diplas,
2000; Newson and Newson, 2000), with the ability to model channel morphodynamics over
years to decades. Modeling at these intermediate scales is particularly important, as these
are the typical timescales of channel adjustment in response to hydrologic and sediment
supply forcings (e.g. Montgomery and Buffington, 1998; Gurnell et al., 2009), and the spatial scale at which ecologic response to channel form is commonly observed and related to
physical habitat metrics (Minns et al., 1996; Rosenfeld, 2003).
Despite the long-term predictive ability of RC/CA models (Nicholas and Quine, 2007;
Thomas et al., 2007), the current state-of-the-science in morphodynamic modeling continues to consist of a deterministic, reductionist approach that is underlain by the continuity
equation (3.4) and relies on advances in computational power to drive understanding of
morphodynamic processes forward. We do not argue that dependence on sediment continuity yields unreliable or invalid results, as CFD-based models have been used reliably in
coastal and estuarine settings for decades (De Vriend et al., 1993; Bates et al., 2005), with a
more recent yet robust application to fluvial systems (Mosselman et al., 2000; Rinaldi et al.,
2008). More recent fluvial applications of CFD-based morphodynamics have shown remarkable promise in their ability to model the continuum of single-thread to braided channel
planforms over centennial timescales (Nicholas, 2013), although these model domains require the use of supercomputing resources. We do believe that short of remarkable advances
in computational power for individual users, the reductionist and purely dynamics-based
approach taken with CFD-driven models is not a tractable way forward in modeling fluvial
morphodynamics at intermediate spatiotemporal scales.
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Contrary to previous modeling efforts, we argue that neither CFD nor RC models
need to exist in a vacuum. Instead, we believe that the fusion of CFD and RC-based morphodynamic modeling may present a novel way forward, in that the high spatial fidelity
afforded by CFD-driven models may be coupled with a simplified, empirically-derived rule
set for sediment transport and morphodynamic channel evolution (Nicholas and Quine,
2007). In predicting channel evolution via a combination of dynamics- and kinematicsbased approaches, the result of this fusion has the potential to produce models capable of
capturing the ’intermediate’ spatiotemporal scales that currently elude available morphodynamic approaches. As such, this paper presents a new, hybrid morphodynamic model
termed the Model of Riverine Physical Habitat and Ecogeomorphic Dynamics (MoRPHED)
that employs two-dimensional CFD hydraulics in concert with an event-based rule set for
sediment transport that leverages previous research on particle path lengths, or the characteristic distance traveled by sediment particles during a flood (Pyrce and Ashmore, 2003a,b;
Kasprak et al., 2015), to vastly simplify sediment transport. Previous research on particle
path length distributions has largely been conducted in gravel-bed braided rivers, and as
such MoRPHED is developed for these systems; however, the existence of characteristic
particle travel distances has also been documented in meandering single-thread channels
(Pyrce and Ashmore, 2003b), meaning it may be possible to apply the underlying theory
to a wide variety of channel planforms.
We do not purport that MoRPHED is the best available morphodynamic model, nor
do we attempt to argue that its outputs faithfully reproduce observed field behavior in
all instances. Herein, we test the model using high-resolution topographic datasets at the
reach scale over a variety of timescales, from single floods to a decade. While we attempt
to demonstrate the utility and validity of the model at a variety of space and time scales,
our goal is not to present this software as the endpoint of RC-CFD fusion modeling; far
from it, we view this model as a potentially important first step in this approach and
have designed the software as a modular and exploratory framework for testing the way
we represent braided river morphodynamics algorithmically. The shift to models such as
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the one presented herein is, we contend, a novel approach, and the optimal methods for
representing the kinematics of traditionally continuum-based processes at coarse temporal
scales (e.g. bank erosion and bed scour) are as yet unknown. As such, the degree to which
we are able to represent emergent properties of the fluvial environment, along with the
model’s sensitivity to contrasting process representations and current shortcomings with
regard to its validity, are explored as part of the multi-scalar validation presented here.

3.2

The Model
As with previously-developed morphodynamic models, the model used here (MoR-

PHED v. 1.1; github.com/morphed) contains routines for simulating hydraulics and uses
these calculations to drive sediment transport. This section details the methods used in
in each of these components, along with ancillary routines such as the parameterization
of model boundaries, sediment grain size, and bank erosion. A flowchart of model operation along with required/optional inputs and outputs are shown in Figure 3.1, and these
components are discussed throughout this section.

3.2.1

Hydraulics

The model’s hydraulic component is driven using the freely-available, open-source
Delft3D software (Version 4.00.01, Deltares, Delft, Netherlands). Delft3D solves the shallowwater form of the Navier-Stokes equations, and herein we employed the model in twodimensional (depth-averaged) form, as this provided an ideal compromise between computational efficiency and the ability to resolve hydraulics, specifically flow depth, direction,
and bed shear, at the cellular scale of our DEMs (Lane et al., 1999). Although threedimensional simulations using Delft3D are possible, the parameterization, validation, and
computational overhead associated with three-dimensional modeling precludes their use in
this model (Lane et al., 1999; Brasington and Richards, 2007). For all modeling, we employed Cartesian orthogonal grids generated using the RGFGRID module of the Delft3D
suite and kept constant throughout a modeled event series, and adjusted the model time

56
Start
MoRPHED Model

Load Hydrograph
and Sedigraph (.txt)

Load DEM (.tif)

Create New
Project File (.xml)

Specify Thresholds
and Grain Size
- Bank Erosion Shear Threshold
- Bank Erosion Slope Threshold
- Bank Erosion Area Threshold
- Reach-Average Grain Size

Option 1: Specify Sediment Imbalance Proportion (0-1)
Option 2: Specify Sediment Import Volume

Specify Bank Sediment
Path Length Distribution

Specify Bed Sediment
Path Length Distribution

Option 1: Exponential Distribution
Option 2: Gaussian Distribution

Option 1: Exponential Distribution
Option 2: Gaussian Distribution

Specify Delft3D
Parameters

Run MoRPHED Model
Save
Project File (.xml)

LEGEND
Computational
Task

File Generation

User-Input
File

User-Input
Parameter

Compute Hydraulics (Delft3D)
Loop Through All Events

- Simulation Time
- Simulation Timestep
- Eddy Viscosity
- Roughness

Compute Bank Erosion/Transport/Deposition
Compute Bed Erosion/Transport/Deposition
Import Sediment
Update DEM
Save for Each Event:
- Updated DEM
- Event and Cumulative DoDs
- Bed Erosion/Deposition Rasters
- Bank Erosion/Deposition Rasters

Figure 3.1. MoRPHED Model Operation Flowchart

step to satisfy the Courant-Friedrichs-Levy condition and ensure computational stability.
Models were run at a steady upstream discharge and were allowed to run to steady state
(no observed change in depth, velocity, or inundation extent in QUICKPLOT model postprocessor), so as to simulate the hydraulics of a given flood without needlessly extending
computational time.
For all simulations, discharge was specified at the upstream boundary and a corresponding water surface elevation was set at the downstream boundary. Horizontal eddy
viscosity (υ) was set at 0.1 s/m2 (Williams et al., 2013). We set a constant roughness value
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based on the Colebrook-White equation to determine the 2D Chezy coefficient:

C2D = 18log10

12H
ks

(3.5)

where H is water depth and ks is the Nikuradse roughness length, which can be described
in terms of a factor (αx ) of the characteristic grain diameter as:

ks = αx D84

(3.6)

Here, we used D84 as the characteristic grain size as it provides an estimate of coarse
grain influence on the flow field. Using pre-surveyed grain size distributions for both of the
modeling sites used in this paper (see Section 3.4), the Rivers Rees and Feshie (Hodge et
al., 2009; Williams et al., 2013), we computed ks using (3.6) and α of 2.9, as averaged from
a range of gravel-bed rivers studied in Garcia (2006) as 0.1 (Rees) and 0.29 (Feshie); the
larger ks on the Feshie is primarily the result of the larger bed material grain size in that
reach as compared to the Rees.
Delft3D requires an input DEM, along with simulated water discharge and boundary conditions. Downstream water surface elevation for each modeled discharge was used
to parameterize the hydraulic model boundary and was calculated by determining reachscale conveyance associated with reach-average slope and roughness. Although numerous
hydraulic variables can be computed and exported from Delft3D, here we used (a) water
depth, (b) flow velocity resolved into streamwise and lateral components, and (c) bed shear
stress.
MoRPHED is an event-scale model, predicting channel evolution at the scale of individual floods. We do this for two reasons, (a) because the calculation of morphodynamics
at coarser intervals allows for greatly reduced computational overhead associated with the
model, and (b) because we argue that modeling at finer intervals, while allowing the ability
to capture rapid transient events such as prograding bedload sheets and bank retreat during
the course of a single flood, is difficult if not impossible to validate since the most common
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data geomorphologists have describe channel form before and after a single event (Bertoldi
et al., 2010; Williams et al., 2011; Mueller et al., 2014), along with sediment transport distances resulting from that event (Pyrce and Ashmore, 2003a,b; Snyder et al., 2009; Kasprak
et al., 2015).
Hydraulics were computed as a single constant discharge corresponding to the peak of
a flood. The exception to this is a case study contained within this research (Section 3.6.2)
wherein we discretized the hydrograph of a single flood event into three discrete steady
discharges corresponding to the rising limb, peak, and falling limb. This discretization of
the hydrograph for long events was attempted so as to capture distinct stage-specific features
of channels such as the dissection of bar-top chutes at falling stages (e.g. Wheaton et al.,
2013), and because sediment transport capacity may change throughout a hydrograph as
supply is exhausted (e.g. hysteresis in the sediment rating curve; Topping et al., 2007).

3.2.2

Bed Sediment Erosion

The model employs a critical nondimensional value of the bed shear stress (Shields
stress) to determine whether sediment can be entrained at a particular location. As our
model is developed and used on gravel-bed rivers, the theory and threshold values of Shields
stress for entrainment have been well studied in these settings. Incipient motion for gravel
occurs when the Shields stress (τ∗ ) exceeds 0.03-0.07 (Buffington and Montgomery, 1997;
Snyder et al., 2009):
τ∗ =

τB
(ρs − ρ)gD

(3.7)

where ρs is sediment density (2650 kg/m3 , g is acceleration due to gravity, and D is the
median particle size. The bed shear stress (τB ) was computed using the output from
Delft3D, and the critical Shields stress for sediment mobility was set at 0.05. Because bed
shear varies by large degrees over small spatial regions (Wilcock et al., 2009), which could
drive large cell-to-cell variability in elevation change and resultant hydraulic instability, the
model averages bed shear along flowlines delineated from Delft3D-output velocity vectors
for 10 cells upstream and downstream of the cell in question. Although lateral averaging
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of shear stress may additionally increase model stability, this was not explored here. The
result is a single average value of bed shear stress that is used for computation of scour
depth.
While most morphodynamic models compute bed elevation change using some form of
the Exner Equation (Equation 3.4) of sediment continuity (Paola and Voller, 2005), which
relates elevation change (∂z) to the downstream divergence of sediment flux (5Qs ) while
accounting for bed sediment porosity, the model cannot employ such a method given the
long time steps at which the model operates. Practically speaking, the result of using
Equation 3.4 would mean extremely large depressions or mounds would be formed on the
bed topography. As a potential alternative, (Montgomery et al., 1996) proposed an eventscale model to predict event-scale sediment scour depth (Ds ):

Ds =

Qb
ub ρs (1 − γ)

(3.8)

where Qb is the average bedload transport rate during the event, ub is the bedload velocity,
and γ is the bed sediment porosity. Estimating Qb , while straightforward, is often inaccurate
as it is a strongly nonlinear process; however, most transport relations take a power-law
form (e.g. Meyer-Peter Müeller equation):

Qb = (τb − τBC )1.5

(3.9)

and ub , the bedload velocity, can be estimated as

ub = a(u∗ − U∗C )

(3.10)

where u∗ , the shear velocity, is computed as
r
u∗ =

τb
ρ

(3.11)

which can be estimated directly from the bed shear stress obtained from Delft3D. The
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constant a in Equation 3.10 has been studied by many researchers (Garcia, 2006), but is
generally around 9. Although the accuracy of using Equation 3.8 to predict event-scale scour
depth has not been explored empirically, it represents one of the only methods for predicting
the depth of scour over extended timescales, and is used here in a largely exploratory
manner.

3.2.3

Bank Sediment Erosion

Readily-erodible banks are a hallmark of braided rivers (Wheaton et al., 2013), leading
to channel widening, the deposition of mid-channel bars, and ultimately creating a braided
network of channels (Ashmore, 1991). Unfortunately, bank erosion is also one of the most
difficult geomorphic processes to represent numerically (Darby and Thorne, 1996; Simon
et al., 2000; Rinaldi and Darby, 2007), and most models rely on fine timesteps and/or
small-scale force balances to predict bank stability. As MoRPHED is a simplified eventscale model, here we estimate lateral retreat distance by empirically scaling near-bank shear
stress and bank slope to the distance of lateral retreat during a model run.
To begin, the model calculates the slope of all cells in the model domain and selects
those which exceed a user-defined slope criterion, which was empirically calibrated to 7% for
all simulations presented herein (Figure 3.2.1). Whether bank erosion occurs by mass failure
or lateral channel migration, eroding banks are often marked by steep slopes, and as such
this criteria was used as the first metric for computing bank sediment erosion. This slope
delineation produces groups of cells, which are removed from the selection if the group’s area
falls below a user-specified threshold (Figure 3.2.2). Here, we set this threshold area to 30
cells, again adjusting this value to mirror the size of field-observed bank erosion patches; we
also observed that very small area thresholds would create discontinuous patches of lateral
retreat, leading to model instability and hydraulic artifacts in subsequent runs. The bed
shear stress in the surrounding cells is then sampled using a 3 x 5 neighborhood window and
each cell within this neighborhood that exceeds the critical shear value for the grain size
in that cell is noted (Figure 3.2.3). The bed shear stress values in these cells are averaged,
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producing a single shear stress value for the delineated group of cells. Those cell groups with
average shear stress below a user-defined criteria, here set to 50 N/m2 , are excluded. For
each remaining group of cells, the model removes material from a number of cells specified
by Equation 3.12, which computes the lateral extent of bank erosion (n), rounded to the
nearest whole cell, as a function of slope (S) and near-bank shear stress (τ ; Figure 3.2.4):
S
τ
n = round(( + 1) ∗ )
3
15

(3.12)

Material is removed from cells working in a direction opposite the bank cells’ aspect (Figure
3.2.4). Eroded cells are reduced in elevation to a level equal to that of the lowest cell in
the initial neighborhood surrounding the bank cell (sensu Nicholas, 2013), and eroded
sediment is immediately transported downstream and deposited in a manner identical to
that described for bed transport and deposition (following section; 3.3.4).

62

Workflow
1. Identify banks by slope

Example MoRPHED
Output, 3 Floods

Detail Views
1A. Slope values

Initial Surface

6.5 6.0 5.0

0 10 20 30 40 50 Meters

11.0 10.5 9.5 8.0
10.5 10.0
9.0
6.5 8.0

FLOW

6.5 7.0
5.0

2. Exlude banks by area

3A. Shear stress
sample windows

Flood 1 - 75 m3/s

3. Exclude banks by
shear stress

3B. Shear stress values

Flood 2 - 258 m3/s

6 10 11
3
3

6

9 12

6

6
6

9

8 11
9

4. Erode banks

Flood 3 - 75 m3/s

4A. Erosion values
1
1

2

1

2

3

3

2

2

2
1

2

2

2

1

Dry Cells
Excluded Bank Features
Wet Cells
Wet Cells Above Shear Threhsold

Shear Stress Sampling Window
Bank Features
Detail View
Bank Erosion Extent

5

Cells above Shear Theshold
Sample Cell, indicates aspect
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3.2.4

Bed/Bank Sediment Transport and Deposition

Once entrained, bed or bank sediment is mobilized downstream along flowlines which
are delineated using velocity vectors from Delft3D. Although the model is inherently a
cell-based (e.g. raster) model, velocity vectors need not pass through the center of each
cell. Instead, the absolute coordinate of each velocity vector is calculated at a downstream
interval equal to the computational domain cell size. In the field, deposition of sediment
consistently occurs in diffuse patterns, such as ’tear-drop’ forms of lobate bars, prograding
bedload sheets, and thinly-mantled overbank deposits (Ashmore, 1982; Ferguson and Werritty, 1983; Wheaton et al., 2013). To mirror this diffuse deposition, the model distributes
sediment within a 5 x 5 window of cells surrounding the candidate deposition cell, with the
candidate cell receiving 1/3 of the deposited sediment, the adjacent eight cells receiving 1/3
of the deposited sediment, and the outer ring of 16 cells receiving the final 1/3 of deposited
sediment. In the case of dry cells that occur in the 5 x 5 neighborhood, the dry cell(s)’
sediment is divided among the population of wetted cells in the neighborhood.
At each cell along the flowpath, the volume of sediment to deposit in the center cell
is given by a path length distribution (Figure 3.3). In the simplest sense, this distribution
details the proportion of all eroded sediment which is deposited at a particular distance
downstream. These distributions have been studied by numerous researchers and found
to take several forms in braided rivers. Exponential decay, or heavy-tailed distributions
are marked by a large number of particles mobilized short distances downstream, and may
result from floods that do not generate sufficient shear stress for particle transport across
the braidplain (Pyrce and Ashmore, 2003b). During floods which are competent across large
areas of the braidplain, typical path length distributions exhibit peaks which correspond
to the location of likely depositional sites downstream. Kasprak et al. (2015) and Pyrce
and Ashmore (2003a,b) both noted that these depositional sites were most frequently the
location of bar heads (e.g. flow diffluences), and as such particle path length distributions
could be readily constructed using morphometric indices which described the characteristic
confluence-diffluence spacing in braided channels. MoRPHED deposits a proportion of the
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Figure 3.3. Modeled Path Length Distributions. Path length distributions used in MoRPHED modeling on the River Feshie (A) and River Rees (B). Peak of the distributions
corresponds to average along-flow spacing between confluence and diffluence pairs.

path-length specified volume of sediment in each wetted cell of the 5 x 5 neighborhood
described above. Path-length distributions in the model can take typical field-measured
forms (Gaussian and Exponential Decay; Pyrce and Ashmore, 2003b), or can take any
user-specified form (e.g. multi-peaked), as specified by an input text file.

3.2.5

Sediment Import and Export

For each simulated event, the model tracks the volume of sediment passing the downstream or lateral reach boundaries. In effect, export of sediment occurs when the length
of the user-specified path length distribution exceeds the downstream or lateral boundaries
of the model domain (i.e. sediment is to be deposited at a coordinate outside the model
grid). When this occurs, the remaining volume of sediment (the amount of eroded sediment not yet deposited along the flowline) is recorded as having been exported from the
reach. Sediment import is user-specified and can be (a) set equal to the volume of sediment export during the preceding event (e.g. sediment equilibrium; Grams and Schmidt,
2005), (b) specified as a percent of sediment export during the preceding event, or (c) specified via a text file detailing volumetric sediment import during each event (e.g. sedigraph
timeseries). Algorithmically, the model computes flowpaths from each wetted cell at the
upstream reach boundary and distributes the total volume of imported sediment to each
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cell of each flowpath as specified in the user-input path length distribution.

3.2.6

Grain Size and Stratigraphy

The model dynamically tracks the median particle size (D50 ) in each model cell for
each simulated event. The routine used for grain size averaging is similar to that employed
by Viparelli et al. (2010). The model domain is initially divided into a series of layers
(Figure 3.4) extending upward from the lowest point in the initial DEM. The active, or
surface, layer many vary from cell to cell with variations in elevation, and is tracked from
event to event. All layers have a constant, user-defined thickness (ZLY R ) except the active
layer, which may take any thickness (ZACT ) such that:

0 < ZACT < ZLY R

(3.13)

With regard to tracking changes in D50 at the event scale, the simplest case is that of
erosion at a cell. The new grain size in that cell (DN EW ) is simply the grain size given by
the corresponding layer at the cell’s new elevation (following scour):

DN EW = DLY R

(3.14)

The sediment size of the scoured material (DERODED ) is computed as either the grain size
of active layer at the eroded cell (provided scour did not extend through the active layer)
or as a weighted average of the eroded material (if the scour did extend through the active
layer and into subsurface layers):

DERODED =




DACT ,

P



Di Zi

ZERODED ,

if ZERODED ≤ ZACT

(3.15)

otherwise

The calculation of grain size changes due to deposition takes place at the conclusion of an
event’s model run. The grain size of all sediment that has been deposited in a particular
cell is either averaged with the grain size of the active layer (as in Equation 3.15, if the
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EROSION
CASE 1: ZERODE < ZACT

DACT = DSUB
DERODED = DACT *[ZACT/ZERODE]
+ DSUB *[ZSUB/ZERODE]

LSUB

LSUB

DERODED = DACT

CASE 2: ZERODE > ZACT
LACT

LACT

DACT = DACT

DEPOSITION
CASE 1: ZDEP + ZACT < ZLYR
LACT

CASE 2: ZDEP + ZACT > ZLYR

LACT

LSUB

DACT = DACT * [ZACT/ [ZACT + ZDEP]
+ DDEP *[ZDEP / [ZACT + ZDEP]

DACT = DDEP
DSUB = DSUB * [ZSUB/ZLYR]
+ DDEP * [ZDEP/ZLYR]

ZACT : Thickness of Active Layer
ZERODE : Thickness of Erosion

DACT : Grain Size of Active Layer
DSUB : Grain Size of Subsurface Layer

ZDEP : Thickness of Deposition

DERODE : Grain Size of Eroded Sediment

ZLYR : User-Defined Layer Thickness

DDEP : Grain Size of Deposited Sediment

Figure 3.4. MoRPHED Grain Size and Stratigraphy Module. Top panel demonstrates
model operation in the case of erosion, bottom panel depicts model operation during deposition.

amount of deposition does not require the addition of a new active layer), or is divided into
as many new layers as are necessary given the user-defined layer thickness, each of which is
assigned the averaged grain size of the deposited sediment. Note that while this routine may
be used for the computation of grain size and stratigraphy at a particular cell, all model
runs described here employed a single representative grain size across the model reach (see
Section 3.5).

3.3

Model Validation
To compare the outputs of the model with field-based surveys of channel evolution, we

derived several morphometric parameters along with comparing DEMs-of-Difference (DoDs)
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and contributions of individual braiding mechanisms to total geomorphic change. Each of
these three validation components are discussed below.

3.3.1

Morphometric Indices

We manually quantified braiding index (IB ) for the initial and final field surveys and
model runs of each simulation described here. Braiding index was computed by averaging
the number of channels across five evenly spaced transects along the length of the model
domain (Howard et al., 1970; Egozi and Ashmore, 2008). Channels were defined by wetted
areas as modeled using Delft3D at estimated baseflow for each modeling site. In addition,
we measured the mode, or total sinuosity (ST ) of the modeled reach for the first and last
model runs in each system. Total sinuosity (Richards, 1982) was defined by the ratio of the
length of all anabranches (LA ) compared to the down-valley length of the model domain
(LD ):
ST =

LA
LD

(3.16)

Finally, we computed the number of confluences, diffluences, and channel heads for initial
and final field and model DEMs. The procedure for delineating confluences, diffluences, and
channel heads is detailed by Wheaton et al. (2013). In brief, it requires manual location
of areas where one anabranch splits into two anabranches (a diffluence), areas where two
anabranches join to form one anabranch (a confluence), and locations where small side
channels or chutes begin (a channel head). In theory, the number of confluences should be
roughly equal to the number of diffluences plus the number of channel heads for a braided
river; large differences in this metric are indicative of distributary systems (e.g. deltas;
Jerolmack and Morhig, 2007) or dendritic networks that collect low order channels into a
few main channels.

3.3.2

DEMs-of-Difference

We differenced DEMs of initial and final field surveys and model simulations using the
Geomorphic Change Detection 6 software (http://gcd.joewheaton.org; Wheaton et al.,
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2010). Differencing DEMs from two survey periods produces a DEM-of-Difference (DoD), or
a map of geomorphic changes that occurred during the inter-survey period. While the DEM
differencing process is straightforward, accounting for error in the resultant DoD is necessary
as each constituent DEM contains an inherent level of error (that may vary on a cell-bycell basis), which can ultimately influence the estimated magnitude of geomorphic change
in the DoD. Here we modeled DEM error using the most straightforward of the available
approaches: we simply assumed that each of the constituent DEMs contained no error and
computed the DoD. We then thresholded, or removed areas of change, from the DoD if
they were less than 0.1 m in magnitude (herein termed the ’minimum level of detection’ or
minLoD). For decadal-scale modeling and field surveys on the River Feshie, we employed
a threshold of ±0.2 m to better visualize and delineate braiding mechanisms. While this
simple thresholding method is not necessarily the most robust available for modeling error
in field-surveyed DEMs, those DEMs output from the model do not contain survey error
as would be expected from field-based DEMs. As such, a simple minLoD of 0.10 m allowed
us to use identical error modeling methods to directly compare areas of change in field and
modeled DoDs while simultaneously removing a great deal of the survey noise/uncertainty
present in field DEMs, along with removing extremely low-magnitude elevation changes in
modeled DEMs.
From DoDs, we extracted elevation change distributions (a histogram of all volumetric
changes), along with deriving the net sediment imbalance during each survey and model
period (the percent departure of the sediment budget from equilibrium conditions).

3.3.3

Braiding Mechanisms

Using the GCD software, we mechanistically segregated thresholded DoDs by delineating the processes responsible for each area of geomorphic change (Ashmore, 1991; Wheaton
et al., 2013). These processes can be separated into the four ’braiding mechanisms’, or
processes that act to reinforce or create a braided channel planform, described by Ashmore
(1991): central bar development, lobe dissection, transverse bar dissection, and chute cutoff.
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To these, Wheaton et al. (2013) added an additional six mechanisms that are not unique to
braided rivers: bank erosion, channel incision (i.e. bed erosion), overbank sheets, confluence
pool scour, bar trimming, and lateral bar development. Hereafter, these ten processes are
referred to simply as ’braiding mechanisms’. We mapped the areas in DoDs where each of
these mechanisms occurred; areas where we could not confidently assign a mechanism of
change were classified as questionable or unresolved change. This classification allowed us
to compute and compare the volumetric contribution of each braiding mechanism to total
geomorphic change in both field and model-derived DoDs.

3.4

Modeling Sites

3.4.1

River Rees, South Island, New Zealand - Event and Annual Scales

The braided gravel bedded Rees (Figure 3.5) drains the uplifting metasedimentary
Southern Alps and flows into Lake Wakitipu. The 2.5 km study reach is an actively braided
channel which flows through a deglaciated valley, and the river is braiding in response to
sediment delivery from the tectonically-active landscape (Williams et al., 2013). At the
study reach, the Rees drains an area of 420 km2 . The hydrology of the system is dominated
by response to glacial melt upstream, and undergoes floods in the spring, summer, and fall
that may completely alter the morphology of the braidplain over the course of a single flood.
A temporary gauging station at Invincible (4 km upstream of the study reach) operated from
2009-2011 and recorded a mean discharge of 19.8 m3 /s with a maximum flow of 475 m3 /s.
Although the gauging station was located upstream of the study site, Brasington (personal
communication) notes that flow attenuation between the two sites is negligible, and so herein
the discharge at the Invincible gauging station is used to drive hydraulic components of the
model. The survey data on the Rees include sub-meter digital elevation models (DEMs)
constructed via terrestrial laser scanning (TLS; ground-based lidar) and real-time kinematic
global positioning system (RTK-GPS) surveys. In total, ten floods ranging from 51 m3 /s
to 403 m3 /s were captured as part of the ReesScan project (Brasington et al., 2012) from
2009-2011, with post-flood DEMs surveyed in the period between each high flow. These
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pre- and post-flood DEMs, along with a continuous hydrologic record and a high degree
of dynamism across the braidplain at the event scale, make the Rees an ideal candidate to
examine the performance of the model at the event and annual scales. DEMs generated
from field surveys on the Rees had a cell resolution of 2 m.

3.4.2

River Feshie, Scotland - Annual and Decadal Scales

The weakly-braided gravel bedded Feshie (Figure 3.5) is a tributary of the Spey River
and drains 231 km2 of mountainous, postglacial terrain. Underlain by metamorphic and
igneous rocks, the basin ranges from around 230 m - 1260 m in elevation. The mean flow
near the river’s outlet was reported by Ferguson and Werritty (1983) as 8 m3 /s with Q5 =
80 m3 /s. Topographic data for the 1 km study reach of the Feshie consist of nine years of
resurveys (2000, 2002-2008, 2013) comprising more than a decade of channel change using
RTK-GPS (2000-2006) along with TLS and RTK-GPS fusion scans performed for three
years (2007-8, 2013). Additionally, the Feshie dataset contains continuous hydrograph data
(∼55 years) and aerial photo records (∼60 years), along with UK Ordnance Survey channel
planform maps dating to 1869. The Feshie has been the site of a great deal of previous
research ranging from bar morphodynamics (Ferguson and Werritty, 1983; Wheaton et al.,
2013) to development of riverine survey and DEM-differencing/change detection methodologies (Brasington et al., 2007; Vericat et al., 2007; Hodge et al., 2009; Wheaton et al.,
2010). The combination of annual resurveys capturing over a decade of channel change
in combination with mapping and aerial photographs dating back over a century make
the Feshie an ideal candidate to examine the performance of the model at the annual and
decadal scales. In addition, the Feshie site provides a mechanistic contrast to the Rees in
that overall flood-to-flood dynamism is reduced via vegetation cohesion and fine sediment
(Ferguson and Werritty, 1983), and the dominant mechanisms of change vary from those
seen on the Rees, particularly with regard to chute cutoff and bank erosion (Wheaton et
al., 2013). DEMs generated from field surveys on the Feshie had a cell resolution of 1 m.

3.5

Results
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3.5.1
3.5.1.1

Hydraulic Modeling Validation
River Rees

The use of Delft3D to model two-dimensional hydraulics in braided, gravel-bed rivers
is discussed extensively by Williams et al. (2013), who specifically applied the hydraulic
model to the River Rees. In general, the model is capable of reproducing field-observed
velocities and inundation extents across the reach, although the use of 2D hydraulics requires
increased computational time as compared to more simplified cross-sectional (e.g. 1D)
approaches. The outputs of Delft3D on the Rees (depth, velocity, inundation extent) were
compared with field-surveyed values across a range of discharges and used to calibrate the
model parameters (Colebrook-White roughness and horizontal eddy viscosity) until good
agreement was reached. The reader is referred to Williams et al. (2013) for more detailed
analysis of the validity of Delft3D on the Rees (and in braided gravel-bed rivers in general).
In short, here we used the same upstream and downstream boundaries as Williams et al.
(2013) and kept both ks (0.10) and υ (0.10) constant in line with their results (Table 3.1).
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River Rees, New Zealand

River Feshie, Scotland
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Modeling (Williams et al., 2013)

- 15-Minute Hydrograph Record
- Aerial Photographs since 1946
- Planform Maps Since 1869

Figure 3.5. Morphodynamic Modeling Sites. Overview maps of River Rees (left) and
River Feshie (right). Hillshaded DEMs (0.5 m resolution for Rees and 1 m resolution for
Feshie) are shown atop aerial photograph base. Information on data availability for both
sites shown in lower panels.

Site
River Rees
River Feshie

Sim. Time
1 hour
1 hour

Time Step
0.025 min
0.025 min

Cell Size
2m
1m

Nodes
352,231
201,116

D50
0.035 m
0.1 m

W-C Roughness (ks )
0.10
0.29

Table 3.1. Delft3D Hydraulic Modeling Parameters
Eddy Viscosity (υ
0.1 m2 s− 1
0.1 m2 s− 1
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3.5.1.2

River Feshie Hydraulic Modeling and Validation

In contrast to the Rees, no comprehensive validation of Delft3D exists on the Feshie; as
such, we leveraged existing surveys of wetted areas from 2003-2007 in concert with surveyed
water depth in those years to examine the performance of Delft3D. Because field surveys
were conducted at low flows to facilitate rapid measurement of braidplain topography, here
we are only able to validate the results of Delft3D at these low flows. However, Delft3D has
been employed and validated on gravel-bed braided rivers at flood stage (Javernick, 2013),
demonstrating that the model can accurately reproduce flood-stage hydraulic features and
can be used to drive morphodynamic evolution at the event-scale. For modeling on the
Feshie, we estimated discharge by downscaling the average observed flow for the relevant
survey period at the nearest gauging station (SEPA No. 8013, Feshie at Feshiebridge) located approximately 11 km downstream, using a coefficient of 0.71 (Wheaton et al., 2013).
We estimated the downstream water elevation using surveyed inundation extent in combination with the DEM for each year modeled. Downstream water surface estimated from
the spatial data were cross-checked using a reach-scale conveyance calculation (Williams et
al., 2013).
Results of our validation of Delft3D on the Feshie at low flow are shown in Figure 3.6.
Here we report (a) the mean of depth differences between modeled and observed values
(Ddif f ), along with (b) the congruence of the modeled and measured inundation extents
(Fc ; Bates and De Roo, 2000) as described by the ratio of intersection and union areal
extents. These two metrics are described by equations 3.17-3.18, respectively.
n
P

Ddif f =

Fc =

xmod − xobs

i=1

n

IAobs ∩ IAmod
∗ 100
IAobs ∪ IAmod

(3.17)

(3.18)

The validation metrics indicate that at low flow, Delft3D accurately predicted both depth
and inundation extent across the Feshie study reach, as indicated by metrics comparing the
two. Both Ddif f and Fc are consistent with validation work performed by Williams et al.
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(2013) on the Rees, and are indicative of good agreement between hydraulic model and fieldobserved flow characteristics. It is important here to note several factors that may cause
our model results to differ slightly from field-observed values. First, because no measure of
discharge was available at the study reach, we downscaled discharge at the nearest gauging
station (by an empirically-derived coefficient of 0.71; Wheaton et al., 2013), and as such any
errors in this downscaling coefficient would be propagated into our estimates of discharge.
Second, the value of discharge taken at Feshiebridge was the average flow during that
year’s survey period (on average two weeks’ time), and variability in discharge could lead to
inaccuracy in our discharge estimates at the study reach along with small-scale inaccuracy
of the field-observed inundation extent. Nevertheless, the agreement between observed and
modeled depth and inundation extent across five years of surveys indicates that Delft3D is
capable of predicting low-flow hydraulics at the Feshie study site, and in combination with
the high-flow validation work of Williams et al. (2013), we argue that the model is well
suited for driving the hydraulic component of MoRPHED at both high and low discharges
on braided rivers.

3.5.2

Event-Scale Morphodynamic Modeling: River Rees

We modeled a single flood event on the River Rees that occurred between 8-16 December, 2009 as the result of heavy rainfall in the upstream watershed (Figure 3.7). Peak
flows reached a maximum instantaneous discharge of 258.8 m3 /s at the upstream Invincible
gauging station during the afternoon of 9 December. Two smaller peaks in the hydrograph
of 75.0 m3 /s (afternoon of 8 December and morning of 12 December) also occurred during
this flood. Our modeling employed a single representative grain size (D50 ) of 0.02 m. Geomorphic change captured by pre- and post-flood terrestrial laser scanning revealed that
the most volumetrically significant mechanisms of change were transverse bar conversion
(22%), bank erosion (21%), and lobe dissection (19%). Qualitatively, event-scale dynamics
across the study reach are marked by widespread geomorphic change, particularly in the
center of the braidplain where development of a single main channel occurred via channel
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incision, bank erosion, and avulsions of smaller anabranches leading to deposition and subsequent dissection of mid-channel bars. Geomorphic change on the edges of the braidplain
was somewhat muted, consisting largely of infilling of anabranches and accretion of central
bars. Elevation changes ranged from -1.70 m to +1.32 m (Figure 3.7). Braiding index (IB )
decreased from 3.6 to 2.0 following the flood, and total sinuosity (ST ) decreased from 4.5
to 2.9 (Figure 3.7).
Results of morphodynamic modeling on the Rees for this event are shown in Figure 3.7.
Total model runtime for the single event was approximately 90 minutes. Elevation changes
in the study reach ranged from -1.76 m to + 0.89 m. Overall, geomorphic change was concentrated near the center of the braidplain, similar to geomorphic change measured from
field data. Large swaths of bank erosion along a central anabranch developed, although not
to the extent seen in field data. In general, geomorphic change in the modeled DoD appears
muted in comparison to the field-based DoD. This is reflected in the elevation change distribution (ECD) shown for field and model data on the Rees (Figure 3.7), particularly with
regard to the erosional component of volumetric change (47,598 m3 in the field compared to
20,663 m3 in the model; Table 3.2). Similarly, depositional volumes were greater in the field
(35,551 m3 ) compared to those in the model (16,188 m3 ; Table 3.2). Average magnitudes
of erosion and deposition agree well between field and model results. On average, erosion
depth across the study reach was 0.13 m as observed through field measurement, and 0.07
m when modeled. Deposition averaged 0.10 m in the field and 0.06 m in the model (Table
3.2). The most volumetrically-significant braiding mechanisms in this run were central bar
development (25% of total volumetric change), bar edge trimming, (16%), and bank erosion
(15%).

3.5.2.1

Hydrograph Discretization

The choice of model timestep is one of the more important considerations in morphodynamic modeling, whereby the user must strike the optimal balance between a model
timestep fine enough to preserve computational stability, yet which is coarse enough to
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allow computation over meaningful timescales (Brasington et al., 2007). To investigate the
implications of altering the model timestep in MoRPHED, we discretized the hydrograph
used in event-scale modeling on the Rees (Section 3.6.2) so as to model three discrete points
over the course of the modeled flood (Figure 3.8). These discharges were 75 m3 /s, 254 m3 /s,
and 75 m3 /s, respectively. Planform DoD, ECD, and volumetric contribution of individual
braiding mechanisms from this discretized model run are shown in Figure 3.8. In general,
morphologic changes were more widespread across the braidplain in the case of the discretized hydrograph modeling run (Figure 3.8), with overall volume of change increasing,
yet still smaller than field-observed change volumes (381,336 m3 in the model compared to
421,468 m3 in field data; Figure 3.8, Table 3.2). The ECD from this model run more closely
approximated the field-derived ECD, with low-magnitude elevation changes (e.g. < 1 m)
dominating the change distribution (Figure 3.8).

3.5.3

Annual-Scale Morphodynamic Modeling: River Feshie

We modeled morphodynamics during the one-year period from July 2003 to July 2004
on the Feshie. The estimated hydrograph for the study reach, based on the empirical
downscaling coefficient applied to the Feshiebridge gauge (Section 3.3.1) during this period
is shown in Figure 3.9. This survey epoch contained 16 flood peaks above the ’low bankfull’
discharge estimate (20 m3 /s; Ferguson and Werritty, 1983) at the study reach; these are
denoted in Figure 3.9 and were used as model inputs. While the use of bankfull discharge
as an estimate of flow competence is simplistic, we use this threshold for two reasons: (a)
Wheaton et al. (2013) noted that the number of flow peaks in excess of bankfull discharge in
any year was related to the amount of geomorphic change over a period of five years, and (b)
Ashworth and Ferguson, (1989) documented that flows of ∼22 m3 /s were indeed competent
for bed material in the study reach, albeit without full mobility of all bed particle sizes.
As such, the use of a low bankfull estimate for competence provides an easily measured
threshold for competent flows that we know is related to geomorphic change in the study
reach. Our modeling on the Feshie employed a single representative grain size (D50 ) of 0.05
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m.
Wheaton et al. (2013) note that the most volumetrically significant braiding mechanisms during the 2003-2004 period were chute cutoff (29%), bank erosion (16%), and channel
incision (15%). Overall geomorphic change was primarily confined to a main channel bisecting the braidplain longitudinally, with one anabranch on the left side of the braidplain
undergoing bank erosion and central bar development. Braiding index (IB ) during the
2003-2004 epoch increased from 1.8 to 2.8, and total sinuosity (ST ) also increased from 2.5
to 3.5. Results of morphodynamic modeling are shown in Figure 3.9. Total model runtime
for the series of 12 events modeled during the 2003-2004 period was approximately 6 hours.
The results of DEM differencing are shown in Table 3.3. Elevation changes in the modeled reach ranged from -1.25 m to +1.49 m. Overall geomorphic change was marked by the
accumulation of transverse bars and the development of central bars throughout the model
reach, along with incision of a central anabranch. Sculpting or trimming of central bars (Figure 3.9; e.g. Wheaton et al., 2013) was also prevalent. The most volumetrically-significant
braiding mechanisms during this model run were channel incision (26%), transverse bar
conversion (20%), and central bar development (14%). Overall, geomorphic change predicted via modeling was greater than that observed from field data (Table 3.3). However,
both field and model ECDs (Figures 3.9.B, 3.9.C) depict change distributions wherein the
greatest volume of geomorphic change is the result of low-magnitude elevation changes. The
average depth of elevation changes were generally well predicted by the model, although
average erosion and deposition depths were over-estimated by 0.06 and 0.03 m, respectively
(Table 3.3).

3.5.3.1

Case Study: Contrasting Path-Length Distributions

Transport and deposition of eroded bed or bank sediment in MoRPHED is a function
of the path length distribution used in the model. While field or laboratory data describing
particle transport distances can be used to produce a path length distribution, parameterizing such a distribution for sites where tracer data are not available is not straightforward.
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Here we employed average confluence-diffluence spacing to estimate the peak of the distribution (Figure 3.3; Pyrce and Ashmore, 2003a,b; Kasprak et al., 2015). To further
understand the effect of contrasting path length distribution shapes and distances, we used
MoRPHED to model the annual hydrograph on the River Feshie in a manner identical to
Section 3.3.1, except we varied the characteristics of the specified path length distribution
(Figure 3.10). We employed a compressed Gaussian distribution (Figure 3.10.A), a flattened
Gaussian distribution (Figure 3.10.B), and an exponential decay-type distribution (Figure
3.10.C; Pyrce and Ashmore, 2003b); each of these distributions had a total length identical
to our original distribution on the Feshie (Figure 3.3.A). We also modeled two shortened
distributions (length = 50 m): a shortened Gaussian distribution (Figure 3.10.D) and a
shortened exponential distribution (Figure 3.10.E).
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Figure 3.6. River Feshie Hydraulic Modeling. Surveyed water surface extent in each of
five years (2003-2007) was compared to modeled inundation extent in the same years using
discharge levels approximated using data from gauge at Feshiebridge (see Section 3.5.1).
Areas observed (but not predicted) to be inundated shown in blue, areas predicted (but not
observed) to be inundated shown in green. Areas which were correctly predicted as being
inundated shown in red. Base is hillshaded 1 m DEM.

81
300

Modeled Discharge
(Single Event)

8,000

B

7,000

Volume (m³)

6,000

FIELD

Discharge (m3/s)

A

5,000
4,000
3,000
2,000
1,000

0

7

9

11
13
15
Day of December, 2009

17

-2.0
8,000

IB (Field): 2.0 (-1.6)
IB (Model): 3.2 (-0.4)
ST (Field): 2.9 (-1.6)
ST (Model): 3.5 (-1.0)
Con: 231 Diff: 58 CH: 177 (Field)
Con: 205 Diff: 80 CH: 131 (Model)

Volume (m³)

Chute Cutoff

Channel Incision

Lobe Dissection

Confluence Pool Scour

Transverse Bar Conversion

Lateral Bar Development

Bank Erosion

Overbank Sheets

FIELD DoD
FLOW

300 Meters

0.5

1.0

1.5

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

6,000
5,000
4,000
3,000

1,000

-2.0

Elevation Change (m)

MODELED DoD

-1.70 m

BRAIDING MECHANISMS
E

D

150

0.0

2,000

+1.32 m
0

-0.5

MODEL

Bar Edge Trimming

-1.0

C

7,000

Central Bar Development

-1.5

F

+0.89 m
0

150

300 Meters

-1.76 m

0

150

300 Meters

G

Figure 3.7. River Rees Event Morphodynamic Modeling Results. Continuous hydrograph
and modeled discharge shown in (A). Elevation change distributions derived from field and
model data shown in (B) and (C) respectively. DoD derived from field data shown in
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Table 3.2. River Rees Event Modeling: Geomorphic Change Detection Results; results of
discretized modeling shown in italics
Field Raw

Field
Thresholded
(0.1 m)

MoRPHED
Raw

MoRPHED
Thresholded
(0.1 m)

Total Area of
Erosion (m2 )

435,604

146,472

390,555
418,856

57,387
63,496

Total Area of
Deposition (m2 )
Volumetric

461,084

140,712

500,233
389,072

85,160
94,008

Total Volume of
Erosion (m3 )

57,324

47,598

28,297
28,679

20,663
20,291

Total Volume of
Deposition (m3 )
Vertical Averages

47,022

35,551

28,102
28,130

16,188
19,480

Average Depth of
Erosion (m)

0.13

0.32

0.07
0.07

0.36
0.32

Average Depth of
Deposition (m)

0.10

0.25

0.06
0.07

0.19
0.21

Average
Total
Thickness
of
Difference (m)

0.12

0.09

0.06
0.07

0.04
0.05

Average
Net
Thickness
of
Difference (m)

-0.01

-0.01

0.00
0.00

-0.01
0.00

Areal
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Figure 3.8. River Rees Discretized Hydrograph Case Study. DoD from MoRPHED modeling shown in (A), with ECD in (B) and event hydrograph with model points shown in
(C). Refer to DoD and ECD in Figure 3.7 for comparison.

84
Modeled
Discharge

1,200

Volume (m³)

A

B

1,000

FIELD

Discharge (m3/s)

80

800

600

400

200

1 Jul.
2004

Date

IB (Field): 2.8 (+1.0)
IB (Model): 3.8 (+2.0)
ST (Field): 3.5 (+1.0)
ST (Model): 3.9 (+1.4)
Con: 115 Diff: 25 CH: 84 (Field)
Con: 101 Diff: 26 CH: 77 (Model)

Channel Incision

Lobe Dissection

Confluence Pool Scour

Transverse Bar Conversion

Lateral Bar Development

Bank Erosion

Overbank Sheets

FLOW
0

50 Meters

1.0

1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

400

200

-1.5

Elevation Change (m)

BRAIDING MECHANISMS

E

+1.95 m

-1.32 m

-1.50 m

50 Meters

0.5

600

+1.03 m

0

0.0

800

MODELED DoD

D

-0.5

MODEL

Bar Edge Trimming

Chute Cutoff

-1.0

C

1,000

Central Bar Development

FIELD DoD

-1.5
1,200

Volume (m³)

0
1 Jul.
2003

F

0

50 Meters

G

Figure 3.9. River Feshie Annual Morphodynamic Modeling Results. Refer to Figure 3.7
caption for details.
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Table 3.3. River Feshie Annual Modeling: Geomorphic Change Detection Results
Field Raw

Field
Thresholded
(0.1 m)

MoRPHED
Raw

MoRPHED
Thresholded
(0.1 m)

Total Area of
Erosion (m2 )

66,074

9,970

50,021

17,444

Total Area of
Deposition (m2 )
Volumetric

49,998

7,236

58,366

20,263

Total Volume of
Erosion (m3 )

4,433

2,806

6,149

5,239

Total Volume of
Deposition (m3 )
Vertical Averages

2,704

1,543

5,986

4,910

Average Depth of
Erosion (m)

0.07

0.28

0.12

0.30

Average Depth of
Deposition (m)

0.05

0.21

0.10

0.24

Average
Total
Thickness
of
Difference (m)

0.06

0.04

0.11

0.09

Average
Net
Thickness
of
Difference (m)

-0.01

-0.01

0.00

0.00

Areal
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Overall, the geomorphic changes predicted by the model were strikingly similar at the
reach scale, and areas of scour and deposition generally aligned between all five of the simulations (Figures 3.10.A - 3.10.E). Analysis of the elevation change distribution produced
using each path length distribution revealed that while the compressed and stretched Gaussian distributions were marked by more laterally-extensive deposition at higher magnitudes
(e.g. ∼1 m), the exponential and two shortened distributions (Figures 3.10.C - 3.10.E)
generally contained depositional signatures marked by numerous low-magnitude (e.g. ∆z
< 0.5 m) changes. The same is true for the erosional component of elevation change, with
compressed and stretched Gaussian distributions marked by a wide range of erosional elevation changes up to and exceeding 1 m, whereas the exponential and shortened distributions
generally displayed erosional changes less than -1 m in elevation.

3.5.3.2

Decadal-Scale Morphodynamic Modeling: River Feshie

We modeled morphodynamics during the ten-year period between July 2003 and June
2013 along the River Feshie. The estimated hydrograph at Glen Feshie during this period
is shown in Figure 3.11.A, and we modeled all peaks above the low bankfull discharge as
described in Section 3.5.2 and in Wheaton et al. (2013), for a total of 185 flood events
ranging from 20 m3 /s to 95 m3 /s.
Differencing DEMs from survey data at the beginning and end of the analysis period
reveals elevation changes ranging from 2.4 m to +2.1 m (Figure 3.11.D). DEM differencing
indicates that the study reach underwent slight net aggradation (+3.6% imbalance). The
most volumetrically significant braiding mechanisms during this time period were the development of central bars (25% of volumetric changes), transverse bar conversion (17%),
and bank erosion (16%). As the relative contribution of individual braiding mechanisms
may be misleading at decadal scales due to signature overprinting and hence difficulty in
interpretation of braiding mechanism (Collins et al., 2012), we note that over a 5-year period (2003-2007; Wheaton et al., 2013) on the Feshie, the most volumetrically significant
braiding mechanisms were chute cutoff (24%), bank erosion (20%), and transverse bar con-
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version (19%). Braiding index (IB ) during the 2003-2013 epoch increased from 1.8 to 2.4,
and total sinuosity (ST ) also increased from 2.5 to 2.9 (Figure 3.11).
Results of morphodynamic modeling from 2003-2014 are shown in Figure 3.11. Total
model runtime for the 185-flood series was approximately 72 hours. Geomorphic change
ranged from +2.20 m to -5.96 m (Figure 3.11.E). A mask was employed to exclude areas
of the reach < 25 m from the downstream boundary and < 50 m from the upstream
boundary, as boundary artifacts in these areas resulted in high magnitudes of geomorphic
change (e.g. > 5 m m) that were attributable to hydraulic artifacts (i.e. deep scour at
discharge points used in Delft modeling). While geomorphic change in the field was marked
by generally thin-mantled erosion and deposition across the braidplain, the model produced
more widespread, high-magnitude erosional change (Table 3.4). While the ECD produced
by the model generally characterized the form of the field-derived ECD (Figures 3.11.B,
3.11.C), the model predicted a smaller area, but greater volume, of scour (Table 3.4). The
model generally reproduced the form and magnitudes of deposition seen in the field, but the
lowest-magnitude deposition (e.g. < 0.5 m) was more volumetrically significant in the field
than in the model. In particular, the model did not produce avulsions seen in the field, but
rather predicted continued downcutting of the central anabranch seen in the 2003 DEM. The
most volumetrically-significant braiding mechanisms during the 2003-2013 model run were
channel incision (32%), central bar development (18%) and transverse bar conversion (18%).
In addition, the role of bar edge trimming (8%), a process treated identically to bank erosion
in MoRPHED, was magnified compared to field-derived mechanistic segregation (2%).

89
120 185 modeled peaks > 20 m3/s

2,000

Discharge (m3/s)

1,000

500

0
1 Jul.
2003

Volume (m³)

Bar Edge Trimming

Chute Cutoff

Channel Incision

Lobe Dissection

Confluence Pool Scour

Transverse Bar Conversion

Lateral Bar Development

Bank Erosion

Overbank Sheets

FLOW
50

100 Meters

2,500

C

2

Elevation Change (m)

500

-4

-3

-2

-5.96 m

-1

0

1

2

Elevation Change (m)

3

BRAIDING MECHANISMS

E

+2.20 m

100 Meters

1

1,000

-2.40 m

50

0

1,500

+2.10 m

0

-1

2,000

MODELED DoD

D

-2

MODEL

Central Bar Development

FIELD DoD

-3

1 Jul.
2013

Date

IB (Field): 2.4 (+0.6)
IB (Model): 3.8 (+2.0)
ST (Field): 2.9 (+0.4)
ST (Model): 3.6 (+1.1)
Con: 96 Diff: 27 CH: 63 (Field)
Con: 55 Diff: 20 CH: 36 (Model)

0

B

1,500

FIELD

Volume (m³)

A

F

0

50

100 Meters

G

Figure 3.11. River Feshie Decadal Morphodynamic Modeling Results. Refer to Figure
3.7 caption for details.
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Table 3.4. River Feshie Decadal Modeling: Geomorphic Change Detection Results
Field Raw

Field
Thresholded
(0.2 m)

MoRPHED
Raw

MoRPHED
Thresholded
(0.2 m)

Total Area of
Erosion (m2 )

38,332

23,836

43,625

20,038

Total Area of
Deposition (m2 )
Volumetric

70,329

36,045

62,058

27,803

Total Volume of
Erosion (m3 )

13,944

12,680

17,237

16,004

Total Volume of
Deposition (m3 )
Vertical Averages

18,264

14,677

16,245

14,076

Average Depth of
Erosion (m)

0.36

0.53

0.40

0.80

Average Depth of
Deposition (m)

0.26

0.41

0.26

0.51

Average
Total
Thickness
of
Difference (m)

0.30

0.25

0.32

0.28

Average
Net
Thickness
of
Difference (m)

0.04

0.02

-0.01

-0.02

Areal
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3.6

Discussion
We developed a morphodynamic model that computes sediment transport according to

user-specified path length distributions, and subsequently employed this model to predict
channel evolution at two braided river reaches across timescales ranging from a single event
to a decade. We observed that the model reproduced many of the geomorphic changes
observed in the field, although the magnitude and mechanisms of those changes were often
poorly predicted. At the same time, the modular design of the modeling framework may hold
promise for exploration of braided channel evolution, and also raises questions regarding the
way processes are represented algorithmically and the model’s sensitivity to those process
representations.

3.6.1

Emergent versus Parameterized Processes

Braided rivers undergo geomorphic change as a result of numerous morphodynamic
processes, or braiding mechanisms (Ashmore, 1991; Wheaton et al., 2013; Kasprak et al.,
2015). Given its highly simplified nature, the degree to which these braiding mechanisms
must be explicitly represented as algorithms in morphodynamic modeling deserves exploration. Of the ten braiding mechanisms discussed in Section 3.4.3, the model produced eight
simply as a result of the bed erosion, transport, and deposition functions included in the
model. Only bank erosion and bar edge trimming required the inclusion of a lateral channel
migration component. As the surfaces undergoing bank erosion and bar edge trimming are
not necessarily submerged during a flood, these processes cannot be captured simply by an
excess shear stress scour approach (Equation 3.8; Section 3.3.2).
The geomorphic changes that our model most commonly produces are those that result from focused scour and longitudinally-continuous deposition, given the nature of the
scour and deposition functions used in the model (Sections 3.3.2, 3.3.3). In particular,
channel incision, bar edge trimming, bank erosion, and lateral/central bar development
are common processes produced by the model (Figures 3.7, 3.9, 3.11). Additionally, given
the single-peaked Gaussian distributions used herein, those braiding mechanisms which in-
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volve deposition immediately downstream of an erosional source are difficult to reproduce.
For example, Wheaton et al. (2013) demonstrated the importance of chute cutoff as a
braiding mechanism on the Feshie, noting that chute development across point bars not
only manifested as erosion, but that the scoured material was often deposited immediately
downstream of the chute. Similarly, scoured bank material (e.g. mass failures) may often
be deposited at the bank toe rather than transported downstream. In both cases, the model
makes no differentiation in transporting the eroded sediment, mobilizing the material according to the user-specified path-length distribution; as such, proximal couplets of erosion
and deposition are difficult to reproduce in the model. Finally, we note that chute cutoff
in the model always occurred in locations of pre-existing chutes across point bars. Because
chute cutoff often occurs at the falling stage of floods, when braidplain-inundating flows are
first being confined into anabranches, our model may not properly reproduce chute cutoff as
a result of only computing peak flood hydraulics, and averaging shear stress across a range
of model cells. Although headward erosion of these pre-existing chutes typically occurred
in the model, thus increasing their extent, we did not observe any instances where chute
cutoff was initiated in the model without an existing chute or channel head being present
on a bar surface. As such, chute cutoff may represent a braiding mechanism that must be
explicitly included in our model’s code in order to be properly represented in the future.

3.6.2
3.6.2.1

Sensitivity to Process Representation
Hydrograph Discretization

In Section 3.6.2, we modeled a single event on the Rees as three discrete discharges on
the hydrograph (Figure 3.8). Because MoRPHED under-predicted the volume of change,
particularly due to the absence of low-magnitude scour, during the single-event simulation (Figure 3.7), we sought to understand whether discretizing the hydrograph would
allow for an improved prediction of overall volumetric change, and low-magnitude erosional
change in particular. Overall, discretizing the hydrograph into three modeling timesteps
only marginally increased predictions of volumetric change across the study reach: total
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volumetric change in the discretized run (Figure 3.8) was 39,771 m3 , compared to 36,850
m3 in the single-event model run (Figure 3.7). It might appear counterintuitive that discretizing the hydrograph and running the model three times would not appreciably increase
the amount of volumetric change. We believe the reason for this is that in many cases,
deposition offsets erosion, particularly in inundated areas, leading to little net increase in
volumetric change despite running the model multiple times. The exception to this is in
areas that experience bank erosion or avulsions, where high-magnitude scour may occur in
areas which are not inundated, thereby producing locations where deposition does not counteract scour. Both modeling approaches underestimated the amount of volumetric change
in the field (83,149 m3 ).
Discretizing the hydrograph also increased the amount of low-magnitude scour predicted by the model (Figure 3.8.B), more accurately reflecting the field-derived elevation
change distribution (Figure 3.8.C). It is likely that this is the result of the 0.1 m elevation
thresholding used in our change detection (Section 3.4.2), whereby additive changes due
to erosion largely did not exceed 0.1 m depth after a single flood event, but did exceed
this threshold when three discrete hydrograph points were measured. Whereas erosional
processes that lead to high-magnitude scour, such as bank erosion, dominated the elevation
change distribution in the single-event model run, processes such as channel incision and
lobe dissection were more prevalent in the discretized hydrograph model run. Additionally,
several areas of high-magnitude bank and bar trimming were largely offset by deposition
of imported or scoured material during the discretized hydrograph run, thereby decreasing
the overall magnitude of scour in those areas (Figure 3.8.B).

3.6.2.2

Path Length Distribution

We modeled annual-scale morphodynamics on the Feshie using five different path length
distributions (Section 3.6.3). The similarity between the DEMs produced by the model
(and hence, the DoDs shown in Figure 3.10) using these distributions is striking, yet subtle
differences and may reflect the distinct nature of the spatial arrangement of erosion and
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deposition. Overall, the similarity between the modeled distributions may also be the result
of the smoothing algorithms used in the model to ensure computationally-stable output
surfaces, such as the along-flow averaging of shear stress and neighborhood windows used
for deposition (Section 3.3.2), both of which may act to reduce the variability introduced
by the choice of a particular path length distribution.
In fluvial settings, erosional processes typically operate over small spatial scales (e.g.
bank erosion, bar trimming, pool scour), and the magnitude of scour in these focused areas
is typically higher than diffuse, broad-scale depositional processes such as overbank sheets
or accretion of mid-channel or lateral bar material (Wheaton et al., 2013). As such, we
suggest that the overall similarities, as well as the differences between our model’s outputs
using these contrasting path length distributions reflects the ability of deposition to counterbalance elevation changes due to scour of material, and the fact that the diffuse nature
of the path length distributions used here make this counterbalancing difficult. For example, the compressed and stretched Gaussian distributions (Figures 3.10.A, 3.10.B) are both
marked by broad areas of erosion and deposition typically falling between ± 1 m in elevation change. However, high-magnitude areas of erosion are more rare, yet still present, in
the stretched Gaussian distribution, which may be due to the more longitudinally-extensive
deposition of scoured material partially offsetting elevation changes due to erosion. The
compressed and stretched Gaussian distributions stand in contrast to the exponential and
shortened distributions (Figures 3.10.C - 3.10.E), where elevation changes are largely confined between ± 0.5 m, and overall are more fragmented across the model reach. This does
not reflect a reduced magnitude of erosion, as Equation 3.8 was used in all cases to predict
scour depth; rather, the fragmented nature of elevation changes, along with the narrower
range of those changes, is likely due to the propensity for deposition to offset erosional
changes given the more focused nature of the path length distributions in Figures 3.10.C 3.10.E. Nevertheless, in all distributions used, the volume of material deposited in a given
cell following erosion upstream is always a fraction of that which was eroded. Using the
distributions in Figure 3.10 and the deposition smoothing window detailed in Section 3.3.3,
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the volume of sediment deposited falls between 0.4% and 8% of the volume which is eroded,
and as such, erosion may outpace deposition in many cells.

3.6.3

Imperfect Models as Exploratory Tools

Models in the earth sciences are necessarily imperfect (Oreskes et al., 1994), and the
highly simplified nature of MoRPHED, combined with the highly dynamic and nonlinear
nature of braided river morphodynamics (Ashmore, 1991; Bristow and Best, 1993) implies
that our model will necessarily fail to achieve perfect simulation of field-observed geomorphic dynamics. However, even imperfect models can provide meaningful insight into the
processes behind morphologic evolution of fluvial systems (Paola et al., 2009; Paola and
Voller, 2009). MoRPHED is designed to facilitate experimentation, particularly with regard to process inclusion or the particular aspects of process representation of bed and bank
erosion, transport, deposition, and import dynamics (Figure 3.1). For example, in Section
3.6.3, we explored the implications of altering the path-length distributions for bed and
bank sediment transport/deposition, along with seeking to understand the advantages and
drawbacks of discretizing hydrographs during model runs. The notion of morphodynamic
modeling that employs sediment transport routines based on particle path length distributions is in its infancy, and we have built the model as an exploratory tool that can be
used to investigate the utility of this approach toward predictive modeling of braided river
evolution. Several components of the model may be employed to investigate longstanding
questions in our understanding of braided river dynamics, starting with the path-length approach itself. While it has long been hypothesized, and field and laboratory data have often
confirmed, that mobilized particles in braided rivers are preferentially deposited in association with regularly-occurring channel bars (e.g. Pyrce and Ashmore, 2003a,b; Kasprak et
al., 2015), the form of the path length distribution, and its relationship to geomorphic unit
spacing, is deserving of further study across braided systems. As such, the choice of path
length distribution and subsequent comparison of model results with field observations may
provide insight into the applicability of path length distributions on a system-by-system
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basis (Hassan et al., 2013).
MoRPHED may also be used to investigate the utility of event-scale monitoring. Existing morphodynamic models typically employ a sediment continuity approach (e.g. Exner;
Equation 3.4), operating at very fine temporal scales, typically seconds to minutes. This
approach produces results consistent with field observation (Bates et al., 2005), but comes
at the expense of computational overhead, thereby restricting the timescales that can be
modeled (Brasington et al., 2007). Because the timestep of the model is, by default, a
single event, computational resources are conserved, allowing for extended simulations at
annual and decadal timescales. However, it is unclear whether processes that occur over
the course of a competent flow (e.g. avulsions, bank failures) can be adequately captured
using an event-scale modeling approach. Similarly, the degree to which a hydrograph may
need to be discretized and its constituent parts modeled (Section 3.6.2) in order to capture
stage dependent processes such as the development of chute cutoffs or bar edge trimming
(Wheaton et al., 2013) is deserving of further investigation.
Our exploratory research into decadal-scale modeling on the River Feshie (Section
3.6.4) indicates that both the accurate prediction of event-scale scour depth, and subsequent
deposition location, present significant methodological hurdles in the development of valid
morphodynamic models that operate at the timescale of competent flows. In our model, as
in the field, erosion occurs in discrete, focused areas of high magnitude (e.g. pool scour,
bar trimming, bank retreat; Ashmore, 1991; Bristow and Best, 2003; Wheaton et al., 2013).
Deposition occurs thinly over more broad spatial areas (e.g. bedload sheets, overbank
sheets, bar formation), a result of the path length distributions employed here and the
smoothing required to avoid the generation of rough topography that would lead to hydraulic
instability. One unfortunate result of the differences in the nature of erosion and deposition
is that deposition may never ’catch up’ to erosion if a simple path-length distribution
is employed, thus resulting in over-scouring of channels (Figure 3.11). In general, the
morphodynamic signature of deposition mirrors that seen in the field (see ECDs in Figures
3.7, 3.9, 3.11), with a large contribution of total change coming from areas of shallow
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deposition. However, in future event-scale morphodynamic models, it may be necessary
to augment path length distributions so as to preferentially deposit material in certain
geomorphic units (e.g. confluence pools, deep channels adjacent to banks) in order to
develop lateral flow, bank material removal, and channel migration/avulsion (Ashmore,
1991).
Another process that has proved troublesome in the development of MoRPHED is the
lateral retreat of banks. Highly erodible banks are a hallmark of braided rivers and lead to
the development of central bars and multiple anabranches (Ashmore, 1991). However, the
Cartesian grid employed in the model, along with the event-scale timestep of the model,
makes the generation of smooth bank features difficult. While approaches are available
that compute bank stability based on a factor-of-safety approach that balances downslope
gravitational forces with the ability of bank material to provide cohesive resistance to failure
(Darby and Thorne, 1996; Simon et al., 2000; Rinaldi and Darby, 2007), parameterization
of these models, especially at the reach scale, is quite difficult. The simplified approach
employed in the model averages the slope of bank cells and the near-bank shear stress of
the flow to predict bank retreat distances (Section 3.3.4). The threshold slope and shear
stress, and their effect on lateral retreat distance, have been empirically adjusted to emulate
field-observed bank dynamics. We have observed that the simple treatment of lateral erosion
in the model produces bank erosion and bar edge trimming However, whether this simplified
approach will provide computational stability over longer-term (e.g. centennial) simulations
is unknown. Additionally, further investigation is needed to determine whether the inclusion
of bank toe deposition, as opposed to immediate downstream transport according to a
user-specified path length distribution, is necessary in the model, along with whether bank
material should be transported and deposited according to the same path-length distribution
as bed material (Section 3.3.3).

3.7

Conclusions
The developed morphodynamic model has been developed to simulate braided river
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evolution at a variety of timescales via a path-length based approach, and here we applied
the model to two braided river reaches at the event, annual, and decadal scale. The premise
of MoRPHED is that particle travel distances can be approximated using path length distributions (Pyrce and Ashmore, 2003a,b; Kasprak et al., 2015), which results in decreased
computational overhead when modeling sediment transport, thus enabling longer simulations at improved spatial resolution. We observed overall correspondence between model
outputs and field observations when comparing planform changes, geomorphic change described by elevation change distributions, and morphometric indices such as sinuosity, braiding index, and channel node counts (Section 3.4). At the same time, divergence between
field and model datasets was evident, suggesting that a purely path-length-based approach
may oversimplify the highly dynamic nature of braided systems (Bristow and Best, 1993).
While we did observe reproduction of all field-observed braiding mechanisms (Wheaton et
al., 2013), the relative contribution of these mechanisms often varied from values seen in
the field. In contrast to all other braiding mechanisms, neither bank erosion nor bar edge
trimming emerged simply as a result of bed scour and deposition, and instead needed to
be explicitly parameterized in the model. In addition, chute cutoff only occurred at areas
where pre-existing chutes or channel heads were observed, and did not appear to emerge
across previously flat bar tops. While this model represents a first step in event-scale, pathlength-based morphodynamic modeling, it remains to be seen whether the approach will
prove feasible for longer-term modeling runs and/or whether process representation that
accounts for inter-flood geomorphic change, such as avulsions or bank mass failure (Leddy
et al., 1993; Ashworth et al., 2004) will require explicit parameterization. Perhaps more
importantly, we argue that MoRPHED should not be judged as a perfect model, as such
a task is impossible (Oreskes et al., 1994). On the contrary, we have designed the model
to be a modular framework for exploring the effect of various process representations, and
their inclusion or exclusion from the model, as a learning tool designed to reveal the relative importance of geomorphic transport processes in braided river dynamics at multiple
timescales.
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CHAPTER 4
THE SENSITIVITY OF BRAIDED RIVER MORPHODYNAMICS
TO VARIATIONS IN SEDIMENT SUPPLY
AND SOURCE1
Abstract
In braided channels, the transient nature of bars points to a readily-available supply of
sediment necessary for creating and maintaining the braided planform. Numerous studies
have documented planform changes in braided rivers resulting from climate or land use
activities that alter sediment delivery regimes, whereby transitions to or from single-thread
channels may result from a decrease or increase in upstream sediment supply, respectively.
Braided rivers are often found in valleys floored by large volumes of sediment (e.g., in
proglacial settings or recently deglaciated valleys), suggesting that ample sediment for bar
building often exists within a given reach. This may imply that braided rivers are inherently
insensitive to alterations in external sediment delivery regime for some time. Here we use
scenario-based morphodynamic modeling to investigate the geomorphic response of a reach
of the wandering River Feshie, Scotland, to variations in sediment supply from upstream.
Four scenarios were modeled, describing sediment equilibrium, deficit, surplus, and quasiequilibrium marked by periodic import of sediment. Geomorphic change was quantified by
computing areal and volumetric changes across the reach, along with measuring the relative volumetric contribution of eleven braiding mechanisms. Of the four modeled scenarios,
only the equilibrium and quasi-equilibrium simulations maintained the braided nature of
the modeled reach after a ten-year period. The relative contribution of braiding mechanisms was similar between these two simulations, and the most volumetrically-significant
mechanisms were channel incision, lobe dissection, and central bar development. The modeled scenarios produced changes that were of a greater magnitude and confined to a smaller
area of the braidplain than changes observed in the field. Nevertheless our scenario-based
1

This chapter is in preparation for submission to Geology and is co-authored with Konrad Hafen and
Joseph Wheaton (Utah State University) and James Brasington (Queen Mary, University of London).
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modeling indicates that while relative sediment equilibrium is necessary for development
and maintenance of the braided planform, the frequency with which sediment is imported
from upstream may vary significantly, and during decadal periods when upstream supply is
limited, local sediment sources are sufficient for bar building and planform maintenance.

4.1

Introduction
High sediment supply is a prerequisite for the formation and maintenance of braided

rivers (Ashmore, 1991; Leopold and Wolman, 1957; Mueller and Pitlick, 2014), together with
the competence to mobilize bed material and readily erodible banks that lead to deposition
and reworking of bed sediment. Supplied sediment is the source of material for building
a network of transient bars, the hallmark of the braided planform, around which channels
split and rejoin (Brierley and Fryirs, 2005; Bristow and Best, 1993). Over more than six
decades of research, the morphodynamic processes giving rise to the braided planform have
been studied using field and laboratory research, along with numerical modeling.
Despite the fundamental importance of sediment supply in the development of braided
channels, the issue of sediment source remains almost completely unexplored. On one
hand, the supply of sediment for building bars and developing the braided planform may
intuitively be sourced from upstream, as numerous studies focusing on braided to singlethread transitions following elimination of upstream supply (e.g., dams) have demonstrated
(Marston et al., 1995; Gilvear, 2004; Gurnell et al., 2009). Yet to solely focus on upstream
supply ignores the fact that braided rivers are commonly found in valleys floored by sediment
available locally for reworking, such as those braided streams in deglaciated valleys or
downstream from glaciers (Goff and Ashmore, 1994; Wheaton et al., 2013). These cases
provide evidence that the dominant source of sediment for bar building and establishment
of the braided planform may lie within the reach itself, and be accessed through channel
migration and avulsion. This notion is reinforced by field studies that have shown rapid
planform transitions in braided reaches when sediment was locally removed via gravel mining
(Piégay et al., 1997; Kondolf et al., 2002) or channel control measures that restrict access
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to sediment sources on the braidplain (Roux et al., 1989).
The question of upstream sediment supply versus within-reach sediment supply to
bars in braided rivers has tremendous implications for our understanding of these systems.
For example, shifting climatic regimes that may alter the relative frequency of sedimentsupplying floods to braided reaches have the potential to force reconfiguration of the braided
planform if upstream sediment supply is the predominant source of bar-building material
(Winterbottom, 2000; Vandenberghe, 2002; Vandenberghe, 2003). Conversely, if most of the
material necessary for bar building and braided planform maintenance has its source within
the reach, braided channels may be buffered from altered flood and sediment supply regimes.
The same questions arise when considering the effect of any anthropogenic sediment supply
alterations to braided rivers, such as dams or shifts in land use that change the timing or
magnitude of sediment delivery to channels (Beguerı́a et al., 2006; Kasprak et al., 2013).
One potential explanation for the persistence of this knowledge gap is attributable
to the extended timescales over which channels respond to altered sediment supply, often
rendering direct field observation intractable (Schmidt and Wilcock, 2008; Gurnell et al.,
2009). Numerical models that compute channel adjustments to water and sediment supply
(e.g., morphodynamic models) provide a way forward for understanding and predicting
the effect of altered sediment regime on channel morphology. At the same time, the high
computational overhead, or conversely, the physical simplifications necessary for modeling
at relevant spatiotemporal scales (e.g., annual to centennial over reaches ranging from 1
- 10 km) mean existing morphodynamic models fail to predict the morphologic impact of
altered sediment supply on rivers (Brasington and Richards, 2007).

4.1.1

Objectives

To address this knowledge gap, here we use scenario-based morphodynamic modeling
to explore the effect of altered sediment supply on channel morphology at annual to decadal
timescales. We seek to quantify how the morphodynamic processes that give rise to - and
maintain - braided channel planforms vary based on the amount of upstream sediment
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supplied to a reach. We use simple scenario-based numerical modeling to predict the morphodynamic response of a wandering gravel-bed river to altered sediment supply regimes
over decadal timescales.

4.2

Study Setting
A 1-kilometer reach of the gravel-bed River Feshie, Scotland is used as the modeling

site for this research. The weakly-braided Feshie is a tributary of the Spey River and drains
231 km2 of mountainous, once-glaciated terrain. Underlain by metamorphic and igneous
rocks, the basin ranges from around 230 m - 1260 m in elevation. The mean flow near
the river’s outlet is about 8 m3 sec1 , with Q5 (the five-year recurrence interval flood) equal
to 80 m3 sec1 (Ferguson and Werritty, 1983). Topographic data for the study reach of
the Feshie, herein termed the Glenfeshie Reach, consist of nine years of annual resurveys
(2000, 2002-2008, 2013) using real-time kinematic global positioning system (rtk-GPS) and
terrestrial laser scanning (TLS, aka ground-based lidar). For all model simulations herein,
we simulated channel evolution during the period 2003-2013, for which continuous 15-minute
hydrograph data are available from the Scottish Environmental Protection Agency (SEPA;
Station 8013, Feshie at Feshiebridge, 11 km downstream of the study reach).
Wheaton et al. (2013) discuss the development of an empirical downscaling coefficient
(0.71), which we employed here to translate SEPA-reported discharges at Feshiebridge to
those at Glenfeshie. While we did not perform direct measurements of competent discharge
at the study reach, Ferguson and Werritty (1983) noted that competent flows are roughly
20 m3 /s in the Glenfeshie Reach. The Feshie has a rich history of studies seeking to
understand bar evolution (Ferguson and Werritty, 1983; Wheaton et al., 2013), sediment
transport (Ashworth and Ferguson, 1989; Hodge et al., 2011), and the development of
modeling and monitoring techniques for braided rivers (Brasington et al., 2007; Vericat et
al., 2007; Wheaton et al., 2010; Brasington et al., 2012; Rychkov et al., 2012).
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Figure 4.1. MoRPHED Model Operations Schematic. Model uses an input DEM and user-specified hydrograph and path-length distribution, in concert with hydraulic outputs of Delft3D model, to simulate bed and bank erosion/deposition and sediment import at the event scale.

4.3

The Model and Modeled Scenarios
We employed the newly-developed MoRPHED morphodynamic model (see Chapter 3)

that uses simplified sediment transport routines based on characteristic travel distances, or
particle path lengths to computed sediment transport and resultant channel morphology
at the scale of individual flood events over reach (e.g., kilometer) scales. Full documentation of the operation of MoRPHED and its components can be found in Chapter 3 and
at http://morphed.joewheaton.org. Here we briefly discuss the model’s operation and
requisite input data, which are also detailed in Figure 4.1.
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MoRPHED operates on a user-input digital elevation model (DEM), and in concert
with a specified hydrograph, employs the Delft3D hydraulic model (Deltares, Netherlands;
run here in two-dimensional mode for computational efficiency) to route water through the
model domain and produce rasters describing flow depth, velocity, and bed shear stress.
Sediment is entrained in cells where bed shear stress (τB ) exceeds the critical bed shear
stress τBC ) for the grain size in that cell (Buffington and Montgomery, 1997; Snyder et al.,
2009):
τB > τBC

(4.1)

where the critical bed shear stress is computed as a function of relative sediment density
(γ), acceleration due to gravity (g), and median particle size (D), and the Shields stress at
incipient motion (τ∗C ), set equal to 0.05 such that:

τBC = τ∗C γgD

(4.2)

The simulations described herein employed a constant grain size, set equal to 0.05 m (D50
for the study reach; Hodge et al., 2009). At each cell, sediment is scoured to a depth
computed using the event-scale equation of Montgomery et al., (1996) that predicts scour
depth as a function of bedload transport rate (Qb ), bedload velocity (ub ), sediment density
(ρS ; 2650 kg/m3 ), and bed sediment porosity (γ):

ds =

Qb
ub ρs (1 − γ)

(4.3)

Once sediment is entrained, MoRPHED computes its transport downstream along flowpaths
delineated using Delft3D-derived velocity vectors. At each cell along the flowpath, an
amount of sediment is deposited as specified by a user-input path-length distribution (Figure
4.1), which describes the characteristic transport distances of entrained particles during
a competent flow (Pyrce and Ashmore, 2003a,b; Kasprak et al., 2015b). Here we used
a single-peak path length distribution with a total length of 210 m where the moment
statistics σ and µ were set to 125 and 40 respectively. Characteristics of the path length
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distribution were obtained by measuring the average diffluence-confluence spacing across
the study reach in the 2003 DEM, which has been shown to approximate the average travel
distance of particles in braided streams (Pyrce and Ashmore, 2003b; Kasprak et al., 2015b).
MoRPHED also includes routines for lateral bank erosion that scale bank retreat distance
as a user-calibrated function of near-bank shear stress and bank slope, and these routines
are further discussed in Kasprak et al. (2015a). MoRPHED outputs an updated DEM
following each flood (Figure 4.1).
Because the concept of the sediment path length is inherently linked to individual
competent flows (i.e. floods), the time step of model operation is equal to one flood,
regardless of its duration. We modeled all competent flows in the study reach during
the period 2003-2013; that is, hydraulics and sediment transport were computed for the
185 individual flood peaks in excess of 20 m3 /s at the study reach during this eleven-year
period (Figure 4.2).
Sediment import is modeled in MoRPHED by employing the same path-length distribution as specified for bed sediment transport and deposition, beginning at the upstream
reach boundary. Sediment can be imported up to once per model timestep (i.e. once per
flood). The amount of sediment to import can be specified either as a proportion of exported
sediment or as an absolute volume. Here we specified four end-member cases of sediment
import: (a) upstream sediment supply set equal to exported sediment for each flood (e.g.,
sediment equilibrium), (b) upstream sediment supply set equal to one half of exported sediment volume (e.g., sediment deficit), (c) upstream sediment supply set equal to twice the
volume of exported sediment (e.g., sediment surplus) and (d) upstream sediment supply set
equal to exported sediment, but import occurred only once every ten events (e.g., periodic
sediment import). Each of these four scenarios is detailed in Table 4.1.

4.4

Analysis Techniques
The output DEMs from each model scenario (Section 4.6, Table 4.1) were differ-

enced to create DEMs-of-Difference (DoDs) at 3, 5, and 10-year intervals (Figures 4.4 -
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Figure 4.2. River Feshie Study Reach and Discharge Record. Hillshaded DEM
from 2003 is shown atop 1 m aerial imagery. Bottom panel shows downscaled
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4.7) with the 2003 Glenfeshie DEM using the Geomorphic Change Detection 6 software
(http://gcd.joewheaton.org). Complete methodology for DEM differencing and geomorphic change detection are detailed in Wheaton et al. (2010) and Kasprak et al. (2015b).
All changes in the 2003-2013 DoDs greater than a threshold limit of 0.2 m were manually
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classified into one of eleven braiding mechanisms, which are shown in Figure 4.8 and detailed in Wheaton et al. (2013) and Kasprak et al. (2015b). Braiding mechanisms are the
morphodynamic processes that act to create or maintain a braided planform, and may vary
in response to shifting hydrologic regime or sediment delivery at timescales as short as an
individual flood (Ashmore, 1991). The relative contribution of each braiding mechanism to
total volumetric change was recorded, along with the overall reach-scale sediment budget

TABLE 4.1. DECADAL SEDIMENT IMPORT SCENARIOS.
Scenario

Name

Description

Applicable Case Studies
in Braided Rivers

1

Equilibrium

Sediment import at upstream reach boundary
set equal to exported
sediment volume

Numerous laboratory
flume studies (Leopold
and Wolman, 1957;
Ashmore, 1991; Pyrce
and Ashmore, 2003b;
Kasprak et al., 2015b)

2

Deficit

Sediment import at upstream reach boundary
set to half of exported
volume

Dams or channel works,
torrent control; (Roux
et al., 1989; Gilvear,
2004; Erwin et al.,
2011)

3

Surplus

Sediment import at upstream reach boundary
set equal to twice the
volume of exported sediment; sediment surplus

Climate-induced sediment delivery (Vandenberghe, 2002; Vandenberghe, 2003); land-use
change (Wyzga, 1993)

4

Periodic Import

Sediment import at upstream reach boundary
set equal to exported
sediment, but import
only occurs once every ten floods; sediment
equilibrium

Sediment sourced from
rare tributary floods
(Erwin et al., 2011);
gravel mining within
a reach (Piégay et al.,
1997); conditions of net
deficit over intermediate periods (Wheaton
et al., 2013)
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(e.g., Grams et al., 2013).

4.5

Results
Results of decadal-scale geomorphic change and modeling using each of the four scenar-

ios in Table 4.1 are shown in Figure 4.3. The progression of geomorphic changes in model
runs at 3, 5, and 10-year intervals are shown in Figures 4.4 - 4.7. In field observations, along
with the equilibrium and periodic model simulations, a multi-thread channel planform was
maintained; the deficit scenario produced a system with a single dominant anabranch,
whereas the surplus scenario produced widespread deposition and loss of distinct channels
across the model domain. Field-based DEM differencing (Figure 4.3A) revealed geomorphic
change distributed across the braidplain, and generally marked by low-magnitude elevation
changes, typically confined to 1.5 m of erosion or deposition. Mechanistic segregation of
the field-based DoD (Figure 4.8A) indicates that a diversity of braiding mechanisms were
responsible for geomorphic change in the study reach; the combination of central bar development (26%), transverse bar conversion (17%), lobe dissection (16%), and bank erosion
(16%) were responsible for the majority of volumetric change through the study reach.
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Figure 4.3. Sediment Supply Scenario Modeling Results. DEM differencing
from field measurement during 2003-2013 period (A) is compared with results
of scenario-based modeling for each sediment supply scenario (B-E) using reachscale mapping and elevation change distributions.
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Figure 4.4. Results: Equilibrium Simulation. DEMs-of-Difference (top row)
and elevation change distributions (bottom row) for equilibrium scenario at 3,
5, and 10 year intervals.
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Figure 4.5. Results: Deficit Simulation. DEMs-of-Difference (top row) and
elevation change distributions (bottom row) for deficit scenario at 3, 5, and 10
year intervals.
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Figure 4.6. Results: Surplus Simulation. DEMs-of-Difference (top row) and
elevation change distributions (bottom row) for surplus scenario at 3, 5, and 10
year intervals.
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Figure 4.7. Results: Periodic Simulation. DEMs-of-Difference (top row) and
elevation change distributions (bottom row) for periodic scenario at 3, 5, and
10 year intervals.
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Results of scenario-based morphodynamic modeling varied widely depending on the
scenario being simulated. In general, depth of deposition across the model reach agreed
well with field-observed values; maximum aggradation depth averaged 2.3 m across the four
scenarios, compared to 2.1 m via field observations. The form of depositional change, as
detailed via elevation change distributions (Figure 4.3B-4.3E), also mirrored that seen in
the field, with the majority of depositional changes occurring in thin-mantled areas across
the braidplain. Geomorphic change due to erosion varied widely between the four scenarios.
Erosional change was smallest in the surplus scenario (4,736 m3 of total erosion) and was
most pronounced in the deficit scenario (25,320 m3 of total erosion). The form of erosional
changes in the equilibrium and periodic scenarios mirrored those seen in the field (elevation
change distributions in Figure 4.3), but were generally greater in volume than erosional
changes observed via field-based DEM differencing (average 17,967 m3 in models, 12,680
m3 in field). In these runs, the volume of changes due to deposition was comparable to that
seen in the field (average 12,770 m3 in models, 14,677 m3 in field).
Generally, a smaller number of braiding mechanisms were responsible for a greater
amount of geomorphic change in the model runs than in the field. This is particularly true
for the deficit and surplus runs, where channel incision (76% of change) and transverse bar
conversion (45%) were responsible for a large proportion of geomorphic change respectively.
The equilibrium and periodic scenarios produced a greater diversity of braiding mechanisms,
and those mechanisms were generally responsible for smaller volumes of geomorphic change.
In these scenarios, the contribution of individual braiding mechanisms was generally similar
to that seen in the field, although notable differences were present. In particular, bank
erosion played a reduced role in scenario-based modeling as compared to field-observed
changes (17% of total change in the field compared to average 2% in models). Conversely,
channel incision was more pronounced in modeling than was observed in the field (4% in
field, average 23% in models).
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Figure 4.8. Mechanistic Segregation of Decadal Modeling Results. Delineated
braiding mechanisms and their relative volumetric contributions to total geomorphic change are shown for field observations (A) and each of the four
sediment supply scenarios (B-E).
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4.6

Discussion
The geomorphic change produced during scenario-based model runs is intuitive given

the degree to which the study reach is shifted into sediment surplus or deficit over the course
of the simulation. When shifted into sediment surplus or deficit, a transition away from the
braided planform was observed (via overbank deposition or channel incision, respectively).
Alternatively, when sediment equilibrium was maintained, so too was the braided planform.
Mueller and Pitlick (2014) likewise found that braided and single-thread reaches could be
readily separated based on the amount of sediment transported through reaches during
floods; using a discriminant function, they were able to predict channel planform in 51 of
53 study reaches, highlighting the relative importance of sediment supply. Our modeling
results demonstrate that relatively small variations in sediment supply can have profound
effects on resultant channel planform: in our scenario-based simulations, a twofold variation
in the amount of supplied sediment was sufficient to produce large-scale channel pattern
variability over a period of ten years. Specifically, the surplus run produced widespread
deposition of material over the braidplain, resulting in a reach marked by large swaths
deposited material and an overall loss of the original channel network (Figure 4.3C). In
contrast, the deficit run transformed the reach from a multi-threaded network to one marked
by a single main channel that underwent a large degree of incision over the course of the
model run (Figure 4.3D), reminiscent of braided-to-single-thread transitions of channels
that have seen reductions in sediment supply (Gurnell et al., 2009). Between these two
end-member scenarios are the equilibrium and periodic model scenarios, which, despite
preferential incision of the two main anabranches, maintained the initial multi-threaded
character of the reach (Figures 4.3B, 4.3E); the magnitudes and form of erosion/deposition
in these two scenarios most closely mirrored those seen in the field during the same ten-year
period (Figure 4.3A).
Simply put, the results of scenario-based modeling on the Feshie indicate that sediment
supply is extremely important in determining the form of a reach, maintaining a multithreaded planform, and in Kasprak et al. (2015a) explored the relative influence of varying
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the path length distribution employed in MoRPHED model runs at annual scales, and found
that in general, the choice of distribution exerts relatively little influence on the overall
geomorphic change across a model reach; this stands in contrast to the high variability
and rapid divergence between simulations here depending on the sediment supply scenario
employed.
Sediment supply becomes manifest in planform changes by altering the relative contributions of individual braiding mechanisms that drive erosion and deposition. For example,
in the segregated DoD obtained from field observation (Figure 4.8A), all eleven possible
braiding mechanisms were observed, with no individual process accounting for more than
26% of volumetric change in the study reach. Similarly, in the equilibrium and periodic
scenarios, the greatest percent contribution of any braiding mechanism was 26% (channel
incision). On the other hand, in the deficit and surplus scenario simulations, where channel
incision (76%) and transverse bar conversion (46%) respectively comprise large proportions
of the volumetric change across the model reach.
MoRPHED is a model, with shortcomings of course; in particular, the model appears to
under-predict the amount of bank erosion (average 2 in model runs, 15% in field) and overpredicts the amount of channel incision relative to field observations (average 31% in model
runs,4% in field). Despite this, the model reproduces the complete diversity of geomorphic
processes (e.g., braiding mechanisms) that lead to the development and maintenance of
multi-thread channels in the field. Because of this general though imperfect reproduction
of form and process (Paola et al., 2009), MoRPHED provides an opportunity to better
understand the importance of sediment source on the maintenance of braided channels. To
this effect, it appears that maintenance of the braided planform is dependent on sediment
sourced both locally (e.g., within the reach) and from upstream.
That braiding can be maintained through reworking of locally-sourced sediment is evidenced by the fact that the multi-threaded planform persists despite an absence of upstream
supply, particularly in the periodic simulation, and over short periods (e.g., 3 years; Figure
4.5) in conditions of sediment deficit. Indeed, certain braiding mechanisms that scour large
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volumes of material from within a reach (e.g., bank erosion, bar edge trimming, channel incision) may provide sediment for bar building within that reach provided that sediment travel
distances do not result in eroded sediment being immediately exported from the reach. In
the case of these model scenarios, the mean travel distance of 125 m, combined with the
reach length of ∼650 m, imply that on average, particles eroded at the upstream end of the
model reach would remain within the reach for roughly five events, providing opportunities
for eroded sediment to be deposited within the model domain. In some instances, sediment
sources and sinks can be directly correlated, given that we know the mean particle travel
distance. Particularly in the equilibrium and periodic model runs, areas of sediment accumulation marked by transverse bar conversion and central bar development were located
directly downstream from sediment sources marked by lobe dissection and channel incision.
Despite the importance of local sediment sources in the maintenance of the braided
planform, these sources cannot overcome extended periods of sediment deficit. In our simulations, an initially multi-thread planform was reduced to a reach marked by a single
main anabranch within ten years (185 floods in excess of 20 m3 /s) in conditions of sediment deficit. Thus, a supply of sediment delivered from upstream that roughly mirrors the
volume of exported sediment appears vital in maintenance of the multi-thread planform.
Interestingly, however, the planform appears relatively insensitive to the periodicity with
which that sediment is delivered. Multi-thread channel planform was preserved in both the
equilibrium and periodic simulations (Figure 4.3), and a diversity of braiding mechanisms
were produced (Figure 4.8), despite sediment being imported every flood or every ten floods,
respectively. The maximum interval with which sediment can be delivered to the reach before the multi-thread planform begins to shift to a single-thread channel is deserving of
further research; as a starting point, our results indicate that delivery once every ten floods
(or roughly once per year on the Feshie) is sufficient for planform maintenance.
Finally, it is reasonable to consider whether the magnitude of channel change predicted
by MoRPHED aligns to a reasonable degree with the timescale over which those changes occurred. In all simulations, several meters of erosion or deposition were observed, along with
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large-scale channel planform transitions, particularly in the deficit and surplus simulations.
Nominally, all of these geomorphic changes took place over a ten-year timespan. Drastic
changes in channel planform, particularly arising from a sudden influx or loss of sediment on
braided streams, are common over decadal periods (Gurnell et al., 2009). However, because
MoRPHED is not directly linked to discrete units of time, but rather simulates evolution
using an event-based model timestep, it is difficult to determine whether similar magnitudes of geomorphic change would take place on the Feshie under altered sediment supply
scenarios as modeled herein. Some insight may be gained by comparing the characteristic
volumes and depths of erosion and deposition in the relatively undisturbed model scenarios
(e.g., equilibrium and periodic) to values from field observations. In general, MoRPHED
produced volumes and characteristic depths of deposition that align reasonably well with
field-observed values (Figure 4.3). The average depth of deposition was 0.53 m for the model
(12,770 m3 total), and 0.41 m in the field (14,677 m3 total). On the contrary, MoRPHED
consistently over-predicted the depth and volume of erosion as compared to field data (Figure 4.3). The average depth of erosion was 0.80 m for the model (17,967 m3 m total) and
0.53 m in the field (12,681 m3 total), suggesting that geomorphic change due to erosion
may be artificially accelerated in MoRPHED. This divergence in prediction validity is not
surprising: a good deal of research has linked channel morphology and particle deposition
locations, which form the basis for the depositional component of MoRPHED (Sear, 1996;
Habersack, 2001; Pyrce and Ashmore, 2003a,b; Kasprak et al., 2015b). Our understanding
of event-based sediment scour depth remains limited, as does the geomorphic community’s
ability to predict depth of scour during a flood (Montgomery et al., 1996). To that end, our
ability to scale event-based morphodynamics to discrete units of time remains hindered, as
we cannot reliably estimate geomorphic change due to erosion on a per-flood basis. If simplified models such as MoRPHED are to be used deterministically, refinement of event-scale
scour prediction is vital.
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4.7

Conclusions
The volume of sediment supplied to a given reach is a reliable discriminator of channel

planform (Mueller and Pitlick, 2014), and small variations in sediment supply can produce
strikingly different channel planforms. This research employed the MoRPHED morphodynamic model to investigate channel planform change in response to varied sediment supply
on the River Feshie, UK. Four scenarios were modeled and compared to field observations
over a ten-year period, including sediment equilibrium, sediment deficit, sediment surplus,
and periodic sediment import. Of these, surplus and deficit resulted in large-scale channel
pattern transitions away from a multi-threaded planform. The equilibrium and periodic
simulations maintained the braided character of the reach, despite significant variability in
the timing of sediment delivery (each flood compared to every ten floods), while producing a strikingly similar suite of braiding mechanisms. This suggests that while sediment
supply is vital in braided planform maintenance, a multi-thread system may persist (at
least over decadal timescales) through reworking and bar building using sediment sourced
from within the reach. The maximum timescale over which local sediment can maintain a
multi-thread planform is deserving of further study. This research highlights the utility of
simplified models as learning tools for fluvial dynamics, while also illustrating the need for
an improved understanding of event-scale erosion prediction if such models are to be used
in a more deterministic fashion in the future.
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upper Rhône River since 1750, in Klapper, H., ed., Historical Change of Large Alluvial
Rivers: Western Europe: New York, John Wiley & Sons, p. 323-350.
Rychkov, I., Brasington, J., and Vericat, D., 2012, Computational and methodological aspects of terrestrial surface analysis based on point clouds: Computers & Geosciences,
v. 42, p. 64-70, doi: 10.1016/j.cageo.2012.02.011.
Schmidt, J. C., and Wilcock, P. R., 2008, Metrics for assessing the downstream effects of
dams: Water Resources Research, v. 44, doi: 10.1029/2006wr005092.

132
Sear, D., 1996, Sediment transport processes in pool-riffle sequences: Earth Surface Processes and Landforms, v. 21, p. 241-262, doi: 10.1002/(sici)1096-9837(199603)
21:3¡241::aid-esp623¿3.0.co;2-1.
Snyder, N. P., Castele, M. R., and Wright, J. R., 2009, Bedload entrainment in low-gradient
paraglacial coastal rivers of Maine, USA: Implications for habitat restoration: Geomorphology, v. 103, p. 430-446, doi: 10.1016/j.geomorph.2008.07.013.
Vandenberghe, J., 2002, The relation between climate and river processes, landforms, and
deposits during the Quaternary: Quaternary International, v. 91, p. 17-23, doi:
10.1016/s1040-6182(01)00098-2.
Vandenberghe, J., 2003, Climate forcing of fluvial system development: an evolution of
ideas: Quaternary Science Reviews, v. 22, p. 2053-2060, 10.1016/s0277-3791(03)002130.
Vericat, D., Brasington, J., Wheaton, J., and Hodge, R., Reach-Scale Retrieval of Alluvial
Bed Roughness, in Proceedings, in EOS, Transactions, American Geophysical Union,
AGU Fall Meeting, 10-14 December 2007, San Francisco, CA.
Wheaton, J. M., Brasington, J., Darby, S. E., Kasprak, A., Sear, D., and Vericat, D., 2013,
Morphodynamic signatures of braiding mechanisms as expressed through change in sediment storage in a gravel-bed river: Journal of Geophysical Research: Earth Surface, v.
118, p. 759-779, doi: 10.1002/jgrf.20060.
Wheaton, J.M., Brasington J., Darby S.E., and Sear, D.A., 2010, Accounting for uncertainty in DEMs from repeat topographic surveys: improved sediment budgets: Earth
Surface Processes and Landforms, v. 35, p. 136-156, doi: 10.1002/esp.1886.
Winterbottom, S.J., 2000, Medium and short-term channel planform changes on the Rivers
Tay and Tummel, Scotland: Geomorphology, v. 34, p. 195-208, doi: 10.1016/s0169555x(00)00007-6.
Wyzga, B., 1993, River response to channel regulation: case study of the Raba River,
Carpathians, Poland: Earth Surface Processes and Landforms, v. 18, p. 541-556, doi:
10.1002/esp.3290180607.

133
CHAPTER 5
SUMMARY AND CONCLUSIONS
Braided rivers are highly dynamic systems, marked by multiple channels splitting and
rejoining around a network of transient bars [Ashmore, 1991; Brierley and Fryirs, 2005].
They are characterized by high sediment availability, rapid bank erosion, and dynamic channel evolution. Understanding the potential response of braided rivers to altered sediment or
hydrologic regimes is difficult because morphology may adjust across a range of timescales,
often ranging from individual floods to centuries [Gurnell et al., 2009], meaning that traditional field observation may not capture channel response to water or sediment supply
changes. Here I developed a numerical model for braided river evolution based on characteristic particle travel distances revealed via laboratory flume experiments. I subsequently
employed this model to investigate the response of braided channels to altered sediment
supply at event to decadal timescales.

5.1

Summary
In Chapter 2, I employed laboratory flume experiments to measure the travel distances

of fluorescent tracer particles over the course of five simulated floods on a braided channel. I documented channel evolution during floods using digital elevation models derived
from structure-from-motion photogrammetry. I sought to understand whether there was a
relationship between channel morphologic units, specifically the location of channel bars,
and the deposition locations of tracer particles, as hypothesized by prior researchers [Pyrce
and Ashmore, 2003a, 2003b]. The results of these experiments revealed a close coupling
between the location of bars, specifically the heads and margins of mid-channel and lateral bars, with the deposition locations of tracer particles: 81% of recovered tracers were
found in association with bars, and of these, 70% were deposited on bar heads and margins.
Moreover, the mean particle travel distance of 2.5 m was closely related to the average
confluence-diffluence spacing (2.3 m) in all runs, suggesting an intrinsic coupling between
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channel morphology and event-scale particle transport distance, or path length, in braided
rivers.
In Chapter 3, I developed a morphodynamic model for gravel bed braided rivers that
leverages the relationships between path length and channel morphology revealed in Chapter 2. The model couples the Delft3D hydrodynamic model with a novel sediment transport/morphodynamics algorithm in order to simulate channel evolution at the scale of individual floods. I verified the model’s performance using a plurality of approaches, including
digital elevation model differencing, segregation of braiding mechanisms, and channel morphometric indices compared to field-measured values in two braided rivers [e.g., Thomas and
Nicholas, 2002; Lesser et al., 2004; Nicholas, 2013]. The developed model demonstrated the
ability to produce all of the braiding mechanisms observed in the field, while also reproducing the general form of elevation change distributions observed via repeat topographic
surveys. At the same time, the magnitudes of change predicted by the model often differed
from field observed values (e.g., exaggerated change on the Feshie, muted change on the
Rees), and the relative contribution of individual braiding mechanisms did not always accurately reflect those observed in the field. The results of this chapter indicate that despite
being necessarily imperfect, simplified models of braided river morphodynamics can lend
insight with regard to the suitability of various process representations (e.g., modeling frequency, choice of path length distribution) for predicting channel evolution. Further, the
results indicate the necessity of developing improved predictions of event-scale scour depth
and lateral migration if models that operate at the timescale of individual floods are to
more accurately reproduce channel evolution observed in the field.
In Chapter 4, I employed the model developed in Chapter 3 to examine the morphodynamic response of a braided river to variations in sediment supply from upstream. I modeled
channel evolution over a ten-year period under four sediment supply scenarios: equilibrium,
deficit, surplus, and periodic import occurring once every ten floods. Of the four scenarios
that were modeled, only the equilibrium and periodic import model simulations maintained
a braided planform after the ten year period; the deficit simulation resulted in a deeply-

135
incised single-thread channel planform, and the surplus scenario produced widespread sheet
deposition over the braidplain and loss of a distinct channel network. The results of this
modeling suggest that in general, braided planform can be maintained under conditions of
sediment equilibrium. At the same time, channels do not appear to be highly sensitive to
the frequency with which sediment is imported. Over decadal timescales, local supplies of
sediment (stored in channel bars) may counteract a lack of supply from upstream and allow
for persistence of the braided planform, suggesting that braided channels may be inherently buffered against alterations in sediment supply. However, if supply remains limited
over decadal timescales, alterations to the braided planform and a general shift toward a
single-thread channel may occur.

5.2

Synthesis

5.2.1

Linking Channel Morphology and Particle Travel Distance

This research was motivated by a desire to more fully elucidate relationships between
sediment transport and channel morphology in braided rivers, and to determine whether
those relationships could inform simple morphodynamic models. The laboratory flume
experiments in Chapter 2 revealed the close coupling between the location of in-channel
geomorphic units, particularly channel bars, and the deposition locations of particles in
transport. Concurrently, the experiments revealed that particle travel distance could be approximated using simple morphometric parameters, namely the spacing between diffluenceconfluence couplets in a braided reach.
The laboratory experiments conducted as part of Chapter 2 build on previous research
documenting particle path length relationships with geomorphic unit spacing in braided and
single thread channels [Sear, 1996; Habersack, 2001; Pyrce and Ashmore, 2003a, 2003b].
In so doing, the research resulted in a conceptual framework for predicting downstream
transport distances as a function of confluence-diffluence spacing, which is deserving of
further investigation to determine its suitability across a variety of braided systems. To
that end, it is important to consider the degree to which these laboratory experiments
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accurately reflected transport conditions in the field. The flume at the University of Western
Ontario is a Froude-scale model of the gravel-bed Sunwapta River [Hundey and Ashmore,
2009], and Froude modeling is a robust tool for replicating flow hydraulics and sediment
transport in actual systems [Warburton, 1996]. At the same time, three components of the
experiments should be further investigated in future research to determine the nature of the
path length - channel morphology relationship across a range of discharges, sediment sizes,
and flood duration. First, because of the limited time available for laboratory experiments,
a constant discharge was used in all flume runs; results indicate a close coupling between
particle travel distance and in-channel geomorphic units at this ’channel-forming’ discharge,
but the degree to which this relationship holds across a range of competent flows is unclear.
Second, each of the flume runs lasted for 20 minutes in duration, and while this run time was
sufficient for downstream mobilization of tracer particles, it did not result in the migration
of in-channel bars nor dramatic reworking of the braided network. Given this minimal
channel evolution during flume runs, it is unclear whether the coupling between transport
distance and geomorphic unit spacing will persist as geomorphic units evolve over more
extended floods. Finally, the tracer particles employed in Chapter 2 were representative of
the coarser component of the bed material, approximated 2D50 . While transport distances
may be relatively insensitive to particle size up to these diameters [Church and Hassan,
1992], experimentation using a wider variety of particle sizes is merited to determine whether
deposition location and transport distances are similar across the range of particle diameters
seen in field settings. This is particularly true for the fine end-member of the particle size
distribution in natural channels, which were omitted from the flume experiments performed
here to avoid the use of silt and finer particles in the laboratory.

5.2.2

Imperfect Models as Learning Tools

Despite the necessarily simplified nature of the laboratory experiments, the relationship between particle travel distance and geomorphic unit spacing that resulted from the
research in Chapter 2 laid the foundation for an efficient morphodynamic model in Chapter
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3. This model was subsequently employed for scenario-based investigation of the influence of sediment supply on reach-scale decadal morphodynamics in Chapter 4. The model,
which computes channel evolution by transporting sediment according to user-specified
path-length distributions in concert with hydraulics based in computational fluid dynamics (CFD), is the first of its kind. This ’hybrid’ approach that includes aspects of cellular
reduced complexity models [e.g., Murray and Paola, 1994] and more intensive CFD-based
routines [Bates et al., 2005] is unique in that it attempts to leverage the most advantageous
components of each strategy, resolving bar-scale morphodynamics at decadal timescales.
Comparing the results of morphodynamic modeling to channel evolution observed via
repeat field surveys reveals that this highly simplified approach is capable of reproducing
the volumetric signatures of deposition, along with field-observed braiding mechanisms. At
the same time, the volumes and spatial patterns of change diverge significantly from those
seen in the field, particularly over more extended (e.g., decadal) timescales. The model
is imperfect, as are all models in the earth sciences [Oreskes et al., 1994]. However, this
imperfection is to be expected given the highly-simplified nature of the code; to simply focus
on the instances when the model is incorrect is to ignore its potential to provide insight with
regard to (a) formative processes in braided rivers and (b) the need to parameterize certain
processes in morphodynamic modeling versus those processes that result without explicit
algorithmic representation. Additionally, it may be unreasonable to expect exact planform
reproduction in this simplified morphodynamic model over annual and longer timescales,
and instead comparisons such as mechanistic segregation or morphometric analyses may be
more appropriate for validation (see also Chapter 3).
With regard to the former, decadal scale modeling on the River Feshie (Chapter 4)
revealed drastic planform changes resulting from variation in the volume of upstream sediment supplied to a braided reach. While I do not expect the individual model outputs to
perfectly replicate those conditions that would be observed in the field under these sediment
supply scenarios, the planform changes do mirror those seen in braided rivers following a
shift in supply regime (e.g., transition to single-thread channel following reduction in supply;
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[Gurnell et al., 2009]. Perhaps more importantly, the finding that braided planform maintenance can be achieved under both strict equilibrium (import equals export for each flood)
and equilibrium under periodic import conditions points to the importance of reach-scale
sediment supply in maintaining a braided network.
With regard to emergent versus parameterized process representation, the development of a novel modeling routine such as that in Chapter 3 led to uncertainty regarding
which channel behaviors (e.g., braiding mechanisms) would emerge simply as a result of
the flow field and boundary stresses versus which mechanisms would need to be explicitly
incorporated into the model algorithm (e.g., parameterized). The results of this research
indicate that apart from bar edge trimming and bank erosion, each of the field-observed
braiding mechanisms occurred in morphodynamic modeling simply as a result of interaction between the flow field and channel bed. Because bar edge trimming and bank erosion
result from scour of surfaces that may not be inundated (that is, τB = 0), they require
explicit parameterization in the form of a lateral retreat algorithm. Finally, the fact that
all braiding mechanisms were reproduced via modeling does not mean that the model accurately reflected their individual volumetric contribution to total change. This is especially
true in the case of bank erosion and chute cutoff on the Feshie (Chapters 3 and 4), which
were underestimated when compared to field-derived mechanistic segregation. As a result,
setting-specific calibration of certain model components, or explicit incorporation of a model
algorithm increasing chute cutoff, may be required to more closely mirror morphodynamic
evolution in the field. Nevertheless, the ability of this highly simplified hybrid modeling
approach to replicate braiding mechanisms observed in the field is promising.

5.2.3

Ways Forward in Simplified Morphodynamic Modeling

This research represents a first step in the development of morphodynamic models that
explicitly couple sediment transport and channel morphology, and in so doing, paves the
way for computationally-efficient algorithms at spatiotemporal scales that match those of
field observation [Hafen et al., In Prep.]. At the same time, the model would benefit from a
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more refined understanding of (a) event-scale scour depth and (b) lateral channel migration,
and their incorporation into numerical models, within the geomorphic community.
In the case of event-scale scour depth, the morphodynamic model developed herein
employs a highly simplified routine for computing the volume of scour on a cell-by-cell basis
[Montgomery et al., 1996]. While estimation of scour depth during a competent flow is
notoriously difficult, accurately predicting the amount of material removed across the model
domain has major implications for the validity of the morphodynamic approach developed
here. It is striking that in nearly all simulations, the developed model is able to reproduce
the form of volumetric changes resulting from deposition (e.g., elevation change distributions
in Chapters 3 and 4). Divergence between model results and field observations primarily
manifests in the erosional component of change, and in the overall volume of geomorphic
change during a simulation. In the case of the latter, this is presumably a direct effect
of inaccuracy in computing the volume of scour, as the volume of deposition is equal to
the volume of erosion in the model (e.g., conservation of sediment mass). As a result,
the refinement of the developed morphodynamic model from a simplified learning tool to
a deterministic utility for particular field settings would greatly benefit from an improved
understanding of event-scale bed scour within the geomorphic community.
In the case of lateral channel migration, the propensity for braided rivers to readily
adjust their boundaries (e.g., bank and bar erosion) is a hallmark of the planform [Ashmore,
1991]. At the same time, deterministic modeling of channel migration is notoriously difficult [Rinaldi and Darby, 2007]. Whereas small-scale approaches that compute the balance
between the resistance of banks to downslope failure (e.g., a factor-of-safety approach) are
available, methods for the prediction of bank retreat at the reach scale, particularly over the
course of a competent flow event, are largely unavailable [see review in Rinaldi and Darby,
2007]. The model developed herein contains routines for bank retreat, although they must
be empirically calibrated depending on the site being modeled. Even with empirical calibration, bank retreat and bar edge trimming are underpredicted in our morphodynamic model.
As a result, the utility of this framework would greatly benefit from an improved ability to
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predict lateral channel migration distances at the reach and event scale. It is possible that
the inclusion of a subgrid routine for bank and bar retreat would allow for bank migration
at distances less than the resolution of the model DEM, although these approaches are also
in their infancy [e.g., Ganti et al., 2012] and require further refinement for inclusion into
this modeling framework.
Finally, the morphodynamic model used here was limited to simulations involving a
single, reach-scale representative grain size. Although the mathematics underlying prediction of sediment entrainment should remain constant across a range of gravel-sized sediment
[e.g., Buffington and Montgomery, 1997], our use of a single grain size had implications for
the development of certain stratigraphies common to braided rivers. These include development of a coarse armor layer on the bed of the stream [Dietrich et al., 1989; Guerit
et al., 2014] that increases critical shear stress for particle entrainment and may decrease
scour depth during some events. Additionally, the development of composite banks that
may exhibit variable resistance to mass failure based on their stratigraphy [Dapporto et al.,
2003; Brierley and Fryirs, 2005] was not possible using this simplified modeling routine.
Finally, our model does not account for the presence of fine sediment (e.g., sand and finer
fractions) at all. Given that fines can alter transport rates of gravel [Wilcock et al., 2009],
future simulations would benefit from the inclusion of a fine sediment component. At the
same time, the degree to which fine sediment path lengths can be characterized by channel morphology, or whether fine sediment is transported downstream with characteristic
distances at all, remains unclear and is deserving of further investigation.

5.3

Conclusion
This research demonstrates that simplified relationships between particle travel dis-

tance and channel morphology in braided rivers can be integrated into morphodynamic
models. Further, the modeling framework developed here is a learning tool that, despite
imperfection, provides insight with regard to the explicit parameterization of processes in
morphodynamic modeling, the importance of upstream sediment supply in planform main-
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tenance, and the potential for reach-scale sediment supply to provide resilience against
braided planform loss in light of sediment supply alteration. The modeling framework developed here is the first of its kind in that it fuses reduced complexity and computational
fluid dynamics approaches to model morphodynamics at the event scale. This approach,
limited here to the reach scale in gravel-bed rivers, has the potential to allow for efficient
prediction of morphodynamic evolution at spatiotemporal scales consistent with field observations of channel change. It is intended to provide a first step in a new approach for
morphodynamic modeling of river systems, and with further research into event-scale scour
depth and channel migration, has the potential to be a valuable site-specific, deterministic
modeling utility for predicting channel evolution.
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SCIENTIFIC REPORTS
Kasprak A, Wheaton JM. 2012. Development of a rapid geomorphic assessment procedure
for streams in the John Day River Watershed, Oregon. Prepared for EcoLogical Research,
Providence, UT. 126 p.
MEETING ABSTRACTS - PRIMARY AUTHOR ONLY
Kasprak A, Hafen K, Wheaton JM. 2015. A simplified morphodynamic model for gravelbed braided rivers. 10th Federal Interagency Sedimentation Conference. Reno, NV - April
19-23, 2015. Awarded Best Student Technical Paper.
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Kasprak A, Wheaton JM, Ashmore P, Peirce S. 2013. The sensitivity of sediment pathlengths to channel morphology: results from physical models of braided rivers. Braided
Rivers Workshop. Die, France - June 23-27, 2014.
Kasprak A, Wheaton JM, Bouwes N, Weber NP, Trahan NC, Jordan CE. Toward a rapid
synthesis of field and desktop data for classifying streams in the Pacific Northwest: guiding
the sampling and management of salmonid habitat. EOS, Transactions, American Geophysical Union. San Francisco, CA - December 3-7, 2012.
Kasprak A, Wheaton JM. Morphodynamic modeling of gravel-bed rivers: a step-length
based approach. EOS, Transactions, American Geophysical Union. San Francisco, CA December 5-9, 2011.
Kasprak A, Wheaton JM. Modeling gravel bed river morphodynamics using a step-lengthbased approach. Community Surface Dynamics Modeling System 2011 Meeting: Impact of
Time and Process Scales. Boulder, CO - October 28-30, 2011.
Kasprak A, Wheaton JM. A new step-length-based morphodynamic model of gravel-bed
river evolution. Abstracts with Programs. Geological Society of America. Minneapolis, MN
- October 8-12, 2011.
Kasprak A, Magilligan FJ, Nislow KH, Snyder NP. A lidar-derived evaluation of watershedscale large woody debris sources and recruitment mechanisms: coastal Maine, USA. EOS,
Transactions, American Geophysical Union. San Francisco, CA - December 13-17, 2010.
Kasprak A, Magilligan FJ, Nislow KH, Snyder NP. Evaluating the impacts of land-use
change on stream morphology in coastal Maine.EOS, Transactions, American Geophysical
Union. San Francisco, CA - December 14-18, 2009.
Kasprak A, Magilligan FJ, Nislow KH, Snyder NP. A rapid, lidar-based delineation of
watershed-scale large woody debris sources. Abstracts with Programs. Geological Society
of America. Portland, OR - December 18-21, 2009.
Kasprak A, Arcone SA, Dade WB, Finnegan DC, Magilligan FJ, Renshaw CE. 2008.
Using ground penetrating radar to estimate sediment accumulation in a reservoir: Ball
Mountain Dam, West River, Vermont. EOS, Transactions, American Geophysical Union.
San Francisco, CA - December 15-19, 2010.
Kasprak A, Buynevich IV, Johnson EA, Snyder NP. 2008. Measuring sedimentation rates
and land-use change in a dam-influenced lake delta. Abstracts with Programs. Geological
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at Research Forum: Atlantic Salmon and their Ecosystems. Orono, ME - January 8-9, 2008.

158
COURSES TAUGHT
CO-INSTRUCTOR
Intermountain Center for River Restoration and Rehabilitation
Geomorphic Change Detection: Restoration Monitoring
Utah State University Watershed Sciences Graduate Induction Course
An Introduction to Stream and Landscape Classification

2011 & 2014
2014

TEACHING ASSISTANT
Utah State University - Watershed Sciences Department
Watershed Sciences Graduate Induction Course
Intermountain Center for River Restoration and Rehabilitation
Geomorphology and Sediment Transport in Channel Design
Dartmouth College - Earth Sciences Department
Introduction to Earth Science
Off-Campus Program (Western US Geology)
Oceanography
Earth’s Past, Present, and Future Climate

2008 & 2010
2009
2009
2009

LABORATORY TEACHING ASSISTANT
Dartmouth College
Introduction to Earth Science Laboratory

2008 & 2010

GUEST LECTURES AND SEMINARS
USGS Grand Canyon Monitoring and Research Center
Linking Sediment Transport and Channel Morphology in Braided Rivers
Utah State University, Fluvial Hydraulics and Ecohydraulics Graduate Course
Introduction to Two-Dimensional Eco-Hydraulic Modeling
Utah State University, EcoLunch Brown Bag Seminar
Life, Landscape, and the Dynamic Nature of Physical Habitat
Dartmouth College, Off-Campus Program (Western U.S. Geology)
Sediment transport in the Grand Canyon
Dartmouth College, Off-Campus Program (Western U.S. Geology)
Ephemeral stream morphology in Death Valley
Dartmouth College, Geolunch Brown Bag Series
Anthropogenically-Driven Fluvial Geomorphology

2012 & 2013
2011

2015
2014
2012
2009
2009
2009

GRANTS, AWARDS, HONORS
Utah State University
Doctoral Dissertation Completion Award
Grant Recipient ($20,000)
National Science Foundation
Research Grant - ’Sensitivity of Braided River Morphodynamics to Sediment Supply’
Co-Authored with PI JM Wheaton
Grant Recipient ($271,000)
th
10 Federal Interagency Sedimentation Conference, 2015
Best Student Technical Paper
Award Winner
Utah State University
Graduate Student Travel Grant
Grant Recipient ($300)
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GRANTS, AWARDS, HONORS - CONTINUED
Society for Sedimentary Geology
Graduate Student Travel Grant
Geological Society of America
Graduate Student Research Grant
Dartmouth College, Office of Graduate Studies
Graduate Student Research Grant
Geological Society of America
Graduate Student Travel Grant
Dartmouth College, Office of Graduate Studies
Presentation Travel Grant
Boston College Geology & Geophysics Department
Best Undergraduate Research Presentation
Geological Society of America, Northeastern Section
Undergraduate Travel Grant

Grant Recipient ($500)
Grant Recipient ($1000)
Grant Recipient ($2500)
Grant Recipient ($500)
Grant Recipient ($300)
Award Winner
Grant Recipient ($100)

CONFERENCE SYMPOSIA CONVENED
Morphodynamics of fluvial, aeolian, hillslope, and coastal environments characterized using
high-resolution topography and bathymetry. With Paul E. Grams and Joel B. Sankey, U.S.
Geological Survey, and Devin M. Lea, University of Wyoming. EOS, Transactions, American Geophysical Union. San Francisco, CA - December 14-18, 2015.
Using predictive models to inform river management and restoration. With Gregory Pasternack, UC Davis. EOS, Transactions, American Geophysical Union. San Francisco, CA December 9-13, 2013.

